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CHAPTKR 1 

IKTRODÜCTION AND SÜMMAItY 

by 

B.C. Lindley 

1.1 SENERAL 

This Final Technical Summary Raport covers the final stage of the HD 

progrt-jme on MPD power generation with part support from the Advanced Research 

Projects Agency.  The objectives and achievements in this energy conversion 

programme have been detailed in previous Technical Summary Reports24'4Sj a 

bibliography of the main technical reports and publications by XKD  staff on MPD 

power generation is given at the end of this chapter» 

1.2 MPD CLOSED-CYCLE LOOP 

The MPD closed-loop facility has demonstrated reliable operation during this 

further four-month period, resulting in a substantial amount of data with ceaium- 

aeeding.  Much of the operation with power extraction has been at duct static gas 

temperatures in the region of 1500oK.  Measured plasma electrical conductivities 

of about 1 mhc/m are in excess of the calculated values based on thermal equilibrium 

Ionisation46•  Several watts power have been available and there are reasons to 

expect a considerable improvement on this level.  For example, cesium seeding 

fractions have been less than 0.1 atomic per cent (well below the optimum), 

electrically-conducting layers have been present in the MFD duct, the electrode 

configuration has not been optimum and the magnetic field has been restricted to IT. 

The main unsolved technical problems in the loop (and which are important in 

large-scale concepts) are related to the electrically-conducting layer which develops 

on the generator duct walls and to efficient removal of cesium from the helium 

downstream of the generator.  However, considerable progress has been made towards 

effective solutions of both these problems. 

A continuing programme of research on the OLD closed-loop facility is required 

to provide a full range of data.  It is believed that the current development of 

an externally-heated MPD duct section will, by permitting isothermal operation, go 

far towards eliminating thermal boundary layers ard associated effects on plasma 

behaviour.  Flow boundary layer effects remain significant and a facility permitting 

much larger cross-section ducts will undoubtedly be required.  Ideelly, such a 

project would be initiated in 1965, by which tin- much more basic data will be 

available. 
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1.3  PUSMA PHYSICS 

The moat significant advances in the plasma physics prograame were achieved 

on the microwav» cavity and atomic beam experiments*  The microwave transmission 

experiment yielded a set of measurements of electron concentration as a function 

of temperature for a cesium-helium mixture but ran into further metallurgical and 

meohanioal difficulties which are currently being con ected.  No further resu3,ts 

have buen obtained on the electrical conductivity experiments described in the 

last report (IRD 64-39» bibliography number 45), effort having been transferred 

to the other experiments. 
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CHAPTER 2 

LOOP OPERATION 

fey 

R. Brown, W.J. Slft^or, V. Brown, K* Cass, J. Davidson and G. Johnson 

2.1 UmiODDCTION 

A flow diagram of the present loop Is shown In Flg. 2.1.  Basic design 

details, manufacture and test of the Individual loop cosponents have been described 

In an earlier Tschnloal Summary Report (IRD 63-1).  Further description of the 

main aspects of loop development, the details of 35 high temperature runs with 

helium alone and 20 cesium-seeded power generation runs Is given In Technical 

Summary Report IRD 64-36 • 

During the 20 ceslum-sseded runs In March 1964 the efficiency of ceslu^ removal 

from the helium flow was low (<2 per cent).  Con* ^uently, it was nece#, ary to 

completely strip the closed loop circuit using oxidation and alcohol dissolution 

techniques.  Approximately one-third (100 gm) of the (ssi'JT hroughput was located 

in the precooler outlet, the remainder being dispersed in the lubricating oil of 

the halium circulator.  No deterioration of any components due to the presence of 

cesium was apparent.  The closed loop facility was re-assembled with modifications 

and additions.  Three runs (RHP 33, 34 **&  35) were then undertaken. 

2.2 MODIFICATIONS AND RB-ASSMBLY 

2.2.1 Helium circulator 

The opportunity was taken before re-assembly of the circulator to reduce the 

end float of the rotor from 0,037 in. to 0.015 in. to minimise internal end leakage 

and improve the pressure ratio across the circulator.  The reduction was achieved 

by machine grinding across one of the large end faces, reducing its overall thickness 

to give the required rotor float. 

Later figures for circulator performance Indicate that a further reduction in 

rotor float will be necessary for optimum efficiency of the unit.  On re-assembly 

the circulator was checked and found to be leak-tight (<10*5jiZ/8ec) under static 

and dynamic conditions. 
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2.2.2 Oil filtration 

The activated charcoal oil filtration unit was found to be contaminated with traces 

of cesiua compounds.  The filter units were replaced and vacuaffl-outg?«3ed at 300CC. 

2«2.3 Hifft temper&tur"? helium heater 

^/fhe high temperature Ueater with element and inner radiation shields of fine- 

grained graphite we« the subject of intensive development over the period from February 

1S63 to March 1964»  Major development problems were associated with the electrical 

power connection to the top (hot) end of the electrical resistance element«  The final 

form of the heater components used successfully during the power generation runs in 

March 1£% (EHT 32) is shown in Fig. 2.2.  The high temperature heater system was 

completely stripped down after RHT 32.  No deterioration of any component was evident 

and the heater was re-assembled and vacuum-out gassed to a central core temperature of 

2200 C,  Up to the present time the heater performaace has continued to be satisfactory, 

approximately 100 hr of high temperature vacuum-out gas sing and 60 hr high temperature 

operation with helium flow having been achieved without further dissembly of the 

heater system.  The heater is in a highly active state when operable, readily 

absorbing gaseous impurities; during poriols when the loop is closed down or under 

modification the high temperature heater is arranged to be pressurized, to a little 

above atmospheric, with high-purity helium. 

2,2,k   Cesiua ijajeotion 

To allow seeded operation of the loop in March 1964 an extremely simple cesium 

injection system was devised and operated.  A variable and metered supply of pure 

helium displaced a constant cesium feed from a storage tank to the loop through a 

hypodermic needle.  A more robust, reliable microfeed mechanical piston displacement 

system has since been developed (Chapter 4).  Preliminary tests were carried out with 

a facility capable of containing and injecting 1 kgm cesium and from this a small 

capacity (50 an3) cesium displacement cyclinder was developed (Fig. 4.1) employing a 

cesium reservoir neau.jr tank allowing for rapid refilling of the cylinder.  up to the 

present time the efficiency of cesium removal from the helium flow has not been better 

than 12 per cent.  Cumulative contamination of circulator oil from cesium carry over 

allows a maximum of 20 seeded rms of up to 13 sec duration at up to 1 gn/sec cesium 

flow (a total cesium throughput of about 300 gm) to be carried out during ary one high 

temperature run, and the small-capacity injection system is adequate.  The system was 

chemically cleaned, charged with cesium, calibrated and attached to loop in preparation 

for RHT 33. 

A by-pass with 6 in. vacuum valves was arranged between the heat-exchanger outlet 

and pre-cooler inlet, allowing for the introduction and isolation of various cesium 

rsmoval systems.  Initially a single stage cyclone separator and an electrostatic 

precipitator unit were fitted (Chapter 4). 
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2.2.5 Generator duct 

To complete the re-asseobly of the 3 p and allow for high teaperature clean- 

up with helivia flow, a temporary generator duct systeas was fitted (Pig. 2,3), 

comprising two stainleas steel (18/8) side wails pJAsma-spray-coated with aluaia«, 

high density re crystallized alumina top and bottom walls with 3 tantalum 0,5 in. * 

0*5 in, flush electrode pairs and 9 alumina spray-coated tantalum pin pairs.  The 

system was arranged for investigation of the characteristics of the generator in a 

subsonic mode; the pin pairs were arranged to extend by different amounts into the 

gas stream to indicate plasma properties in the core of the flow* 

2.3  RHP 33 

Then major modifications have been made (in particular to the high temperature 

graphite heater) it is necessary to operate the loop with high temperature gas flow 

to transport and clean up partioulate and gaseous impurities.  The main objective 

of RHT 33 »as to ensure that the loop was again reliably operable throughout a high 

temperature cycle, &r*d to ensure cleanliness in preparation for the power generation 

experiment with the 16 electrode pair boron nitride duct system (RHT 35). 

With the generator duct fitted the loop was completed; mass spectrometer and 

pressure rise techniques showed overall leakage to be less than ~i0~5^l/sec.  The 

loop was checked out and charged to 1 ata with helium.  Cold circulation was carried 

out for approximately 30 min urtil the 02 and Kg Impurity Ir els in the helium were 

<5 ppro (Fig* 2.4).  Power was applied to the high temperature heater, reaching thermal 

equilibrium at 1770oK (nozzle inlet indicated helium temperature) after 8 hr.  The 

rate of helium temperature rise over this period was controlled to restrict the level 

of desorbed hydrogen to <50 ppm.  Electrical resistance measurements taken between 

electrodes, pins and earth throughout the temperature rise indicated a declining 

generator duct surface resistance (from >1 Mohm at 3O0oK to <100 ohm at 1770*^), 

Prom this it was concluded that electrically-conducting surface layers were depositing 

on the generator duct inner surfaces.  It this steady temperature condition several 

cesium seeded runs were carried out, injecting between 0.1 and 0.5 atomic percent 

cesium for periods up to 15 sec.  Although the cesium injection was successful, very 

low powers were extracted with magnetic fields of up to 1T (less than 1V indicated 

and total current of ~10 mk)  and over successive runs with time intervals of 

approximately 15 min the generator performance continued to deteriorate»  The 

generator system was similar to that used during the cesium-seeded runs (RHT 32): 

with the singificant reduction in generator performance it was decided that theoretical 

interpretation of results from US 33 would be impossible and injection of cesium 

was discontinued. 
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During the hea ag cycle the observed pressures along the generator indicated 

a restriction to flow which increased with increasing temperature to reduce the 

helium mass flow from 9 gni/sec at 8000K to 4.8 gsy'see at 17700K. 

After 2 hr at 1770 K the interelectrode leakage resistance, although extremely 

low, appeared to stabilisti it was concluded that the gas flow was clean and power 

was reduced and the circulation discontinued. 

The high temperature transfer section and generator case were removed from 

the loop, using helium blow-off techniques; the remaining sections of the loop and 

the high temperature helium heater being isolated under helium pressure. 

Inspection of the generator section showed that electrically-conducting 

layers had deposited on the wall inner surfaces.  Indicated resistances wtre less 

than 1 oha/caa  across the interelectrode spaces»  Bowing of the stainless steel 

side walls had occurred (Fig. 2.5); the more serious effect, which must have occurred 

at high temperature, would explain the secondary nozzle effect noticed during BJBf 33« 

2.4  BHTfl. 

A new high temperature tantalum (0,02 in, thick) transfer section and cesium 

vapori«er, boron nitride nozzle and 16 (Wl0$/Ta 90$) strip electrode boron nitride 

generator duct were assembled (Section 3 and Figs. 3.1, 3*2 a, 3*2 b, and 3*3) and 

fitted into the loop* The objective of RHT 34 was to determine whether a high 

temperature thermal cycle with helium flow to a temperature level lower than that 

of EHT 33 eould be carried out without deterioration of the electrical resistivity 

of the duct inner wall. 

The loop was evacuated and recharged with helium.  Cold circulation was 

maintained until gaseous Impurities were <3 ppm (Fig, 2.6),  Power was applied to 

the high temperature heater and rapid heating of the helium flow was achieve« without 

measurement of significant desorbed gaseous impurities (nozzle inlet temperature 

>1550 K in 45 min).  During the temperature rise the interelectrode resistances 

and electrode leakage resistances to earth remained similar to those expected for 
o 

boron nitride.  The 1550 K noazle inlet temperature was maintained for a further 

30 min without a significant change in duct electrical resistance characteristics. 

Fig, 2.7 «hows the axial distribution along the generator pairs at 140C K (nozzle 

inlet temperature).  The internal surfaces of the tantalus high temperature 

transfer section viewed axially through the high temperature heater outlet window 

remained highly polished. 

The power on the heater was reduced in stages to zero and the loop circulation 

stopped»  Throughout the cooling cycle the generator duct wall resistances recovered 

to their original values.  The loop was closed down under a positive pressure of 

helium, 
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2.5  RHT 35 

The objectives and tne tbeoretical appreciation of results for RftT 35 «w« 

discussed in detail in Chapter 3.  The loop was unchanged *sroiB RHT 34»  Cold 

circulation was carried c t to reduce gaseous Inpurities to < 5 PF® (?ig» 2.8). 

During a period of approximately 15 hr cesiuiu-seeded power generation experiments 

were carried out at three steady temperature levels.  At the two lower levels 

(approximately 1310 K and 1690 K indicated nozzle inlet temperature) the visual 

appearance of the high temperature transfer section and the electrical resistance 

measurements along the generator indicated clean conditions.  At the highest 

temperature level ("-^OC^K) the inner walls of tha tantalum transfer section became 

dull and apparently coated, the effect being coincidental with a declining 

interelectrode and earth leakage resistance along the generator.  Generator 

performance during seeded operation progressively deteriorated and, *a it was 

apparent that further results would be difficult to analyse seeded operation waa 

discontinued and the loop cooled and closed down under helium pressure. 

i 
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CHAPTSR 3 

PQWSR GENERATION KXl^SRIMS^i'S 

by 

I.R.McNab, R^Brown, V. Brown, K. Cass, J.Davidson and G.Johnson 

3.1 D/TRODUCTION 

A detailed doscription of the IED MPD generator has been given1'4.  On 

14 July 1964 a series of power generation experiments with casium seeding of the 

helium was undertaken.  This series differed from the previously reported seeded 

runs3*4 mainly In the generator and nozzle configuration and materials.  To reduce 

end current leakage at the inlet to and exit from the generator channel, the tantalum 

nozzle previously employed was replaced by a boron nitride nozzle, the exit region 

of the generator was lengthened by about 2  in. and the interior of the first part 

of the diffuser plasma spray-coated with alumina.  The generator duct, with 

dimensions of 7J- in. x %\  in. x \  in,, was constructed from boron nitride.  Sixteen 

pairs of narrow (1/16 in, x 4- in.) tantalum-tungsten alloy electrodes were used in 

place of the five pairs of square (4- in. x X in.) electrodes used in the first seeded 

run3'4; the gap between the electrodes was large (as with the square electrodes) to 

reduce the possibility of insulator and boundary layer electrical breakdown.  In 

addition to the electrodes, five pairs of l/l6 in. diameter tantalum pins were used 

to monitor open circuit voltages, two pairs being in the nozzle (before and after 

the throat) and three pairs in the generator exit region.  Pour pressurf stations 

and three thermocouples were also placed in the channel wall; Fig. 3»1 shows the 

relative positions of these instruments. 

5.2 FLOW PROPERTISS 

During operation of the loop^ two of the channel thermocouples failed.  The 

temperature recorded (continuously) by the remaining channel thermocouple, together 

with that at the nozzle inlet, is shown in Fig. 3.2,  Also shown are the pyrometer 

measured heater element temperatures. 

The pressures observed at the four stations in the channel and at the nozzle 

inlet are shown in Table 3«1 in atmospheres absolute; also shown is the pressure ratio 

across the nozzle found from the nozzle inlet and first channel pressure station 

measurements.  To obtain sonic velocity across a nozsle the ratio of inlet stagnation 

pressure to sonic pressure : 



o _ (i_i)     = 2.05 (for heliua) 
p*    2 

asust ue exceeded.  Table 3.'' also shoira the corrected helium mass flow in the loop. 

Fi-oin the quasi one dimensional equations of continuity and state, the flow velocity 

m^y be found: 

U = k2,k m T/p 

where m is the kgm/sec, T in K and p in ataj the Mach number is then obtained from 

M2 n  2.1Q IQ"4 UVT. 

The velocity and Mach number in the channel obtained by this procedure are shown in 

Table 3-1•  The calculated Mach numoer is always subsonic, contrary to the behaviour 

expected from the observed pressure ratio across the nozzle. 

3.3  SLECTRICAL PROPERTIES 

The cesium injection circuit was constructed to give a seeding rate of about 

0.2 atomic percent: this rate, which is about one-tenth optimum, is necessitated by 

the low capacity of the present evaporator.  In practice, while cesium was injected 

for only a short time (maximum 15 sec) the observed voltages in the channel lasted 

much longer, decaying only slowly to zero; in many cases measurable voltages were 

apparent several minute  after seeding stopped.  In some cases, after the main 

seeding effects had decayed, large and apparently random voltage pulses were observed 

probably indicating that cesium was trapped in the injection system.  Pig. 3«3 shows 

average open circuit voltages on pins 1,2,19 and 20 for the first few seconds of 

run 2; the average voltages vary considerably.  Table 3»2 shows the voltages 

measured in the decay period following the main cesium flow (for several runs) together 

with the nominal cesium injection time and that actually observed.  In view of the 

slow decay of voltage the observed seeding period is *iot well defined; however, 

considerably dilution of the seed occurs, generally by a factor of about two.  Pin 

2 consistently shows much higher voltages than pin 1, reflecting the higher flow 

velocity at nozzle exit.  In several cases pin 2 shows step variations suggesting 

that the observed voltage is influenced by the different lo.'*ds (and hence different 

currents) being switched on to the channel electrodes. 

In run 10 , when no magnetic field was applied, pin 2 registered a peak of 

4 volts.  This could occur if a residual magnetic field existed in the magnet, if 

the two pins were at different temperatures, or if they had different cesium coverage. 

The open circuit voltage varies considerably down the channel. Fig. 3«4 

illustrates this for runs 5, 10B and 11; the voltage falls appreciably down the 

channel, a particularly sharp drop being between electrode pairs 12 and 13.  It is 
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likely that the change in voltage occurs as the gas velocity decreases} however, as 

gas teaperature was measured at only one point in the channel this cannot be verified. 

At low open circuit voltages, reverse voltages were ocoasionally observed, as 

illustrated in Fig» 3*5:  this could arise if end current leakage occurred, (see 

Fig. 25 McNab and Cooper5) but the observed voltages are so small that this is not 

certain; 

The magnet coil currents for each run are given in Table 3*3; Fig. 5.6 shows 

the calibration curve for the magnet.  This curve is obtained in the absence of the 

nozzle and generator channel assembly and therefore with a cold (or self-heated) 

magnet»  When the MPD loop is operating the magnet core is considerably heated by 

radiation from the hot regions; no thermocouples were attached to the magnet during 

this run so that the extent of the heating is not known«  An increase In the 

operating temperature of 20C C will decrease the magnetic field by about 5 percent 

(Bozorth6), 

To obtain the electrical conductivity of the plasma in the -hannel on seeding, 

each of the sixteen electrode pairs was switched on to five load resistors (18, 68, 

280, 1000, 4700 ohm) and open circuit in rapid sequence and the resulting voltage 

displayed on a 24 channel u.v. recorder trace.  This sequence takes about 1-j- sec 

and can be repeated continuously«  From the deflections on the u»v. traces the 

voltages and currents for each load may be obtained and voltage-current characteristics 

constructed.  The slope of these curves gives thu conductivity of the plasma when 

the electrode area and path length are known.  While this procedure is tedious and 

subject to some error due to 'hash8 and overlapping of the traceh, it enables a large 

amount of data, to be obtained for a short cesium injection time.  In addition a four 

channel u.v. recorder displays the open circuit voltage on pins 1, 2, 19 and 20. 

Table 3«4 compares measured open circuit voltages with the product UBd»  In 

all cases the measured voltage is less than UBd, the maximum ratio VoeaVüBd being 

0,60»  Conducting deposits on the inner channel surfaces may be responsible, although 

these apparently only become significant at higher temperatures, as in run 15«  In 

runs 6, 7 and 8 the measured open circuit voltage exhibits a saturation effect with 

magnetic field similar to that found previously (Lindley et al3). 

Table 3.3 shows electrical conductivities calculated from the voltage-current 

curves.  In many cases the voltage-current curves exhibit behaviour which is not 

interpretable; in these cases the best linear fit is employed.  The alope of the 

voltage-current is the internal resistance (r) of the plasma, which is related to the 

conductivity by o = l/rA = 47$/r mho/m where r is in ohm, L is the distance between 

the electrodes (la5 in.) and A the electrode area.  Assuming that the whole channel 
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volus« carries current, A is the channel vridth (-J In») multiplied by the electrode 

pitch (-J- in.).  This asaumption yields the most pessimistic value of conductivityj 

the assumption may be tested by examining the conductivitips on each side of an 

unloaded electrode.  Table 5.3 shons that these conductivities are not appreciably 

higher than the channel average, indicating that the whole volume is not carrying 

current.  The true conductivities therefore lie between the values given in Table 

3*3 and values four times larger.  Fig. 3.7 compares the average channel conductivities 

with thermal equilibrium values in the same temperature range,  A seeding fraction 

of 0,1 atomic percent was used in calculating the equilibrium values and the two 

curves are for the appropriate channel inlet pressures (the lowest measured in the 

channel)«  The observed conductivities are up to fifty times larger than equilibrium 

at the gas temperature»  To account for these valu33 merely by incorrect temperature 

measurement would require, in the highest cases, errors of at least 300OC; this is 

unlikely. 

la several cases the voltage-current curves were as shown in Vig. 3*8.  In 

these cases the lowest voltage points are probably in error owing to the difficulty 

of measuring small voltages on the n*vc  trace.  For a low load resistor a small 

uncertainty in voltage measurement causes a large error in the derived current value. 

If the curves are correct some form of current limitation appears to be occurring. 

Well defined concave voltage-current curves were also observed in several cases*  If 

these are correct the/ ixiicate electron temperature elevation, although the same 

comments concerning the measurement of low voltages apply. 

The expression given by Hurwitz et al7 for the ratio of electron to gas 

temperature in a segmsnted-eleetrode generator with magnetically-induced ionization 

is 

Te      r(l-K)
2ll20 2 

T = 1 +3ni^/i)
z 

where K is the loading factor, j" the ratio of specific heats, K the Mach number and 

ß    and/?, the Hall parameters for electrons and ions.  Neglecting ion slip and 

assuming a low seeding fraction, so that the electronic collision frequency depends 

only on electron-helium atom collisions (q „ = 6,1xl0~20m2 as in McNab8) solution 
e-He 

of the resultant quadratic equation yields 

T 
^ = 0,5 + 0.5 i  .8,88x10-3  (l-K}2fB2T 

S 
P 

Per run Jb (electrode 8)  a concave voltage-current curve was observed.      Fitting the 

results to  the above  equation (assuming that  the observed coriiuctivities  correspond 

to elevated electron  temperatures given by Saha's equation)  values of the  inelastic 
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collision factor (S)  were found.  For the three load resistors, 4700j 1000 SJöü 

280 ohms, the values of 6  were 8»45» 19^2 and 25.5.  As the load resistance decreases 

the c.^rrtsnt flowing through the plasma increases; for these three cases the ratios 

ö/I were  02, 3*68 and 3 = 96 IUA'
1
 , possibly indicating that as the current density 

increases, increajed amounts of impurities enter the plasma. 

In view of the uncertainty in the voltage-current carves at low voltages 

no attempt has been made to analyse these results in greater detail. 

5.4  DISCUbSICN 

Temperatures measured by thermocouples embedded in Che channel wall are in 

error through conduction along the leads.  While these errors can in principle be 

calculated, in practice this is difficult unless the complete environment temperatures 

are known; this was not the case for this nan»  In addition gas flow calculations 

are required to relate the wall temperature to the midstream static gas temperature. 

Introduction of thermocouples into the gas stream has been dismissed in view of the 

attempts to achieve supersonic flow. 

Attempts were made to estimate the generator channel wall temperature profile 

by measuring the change in resistance of the individual electrode strips.  This 

procedure was carried out at five different temperatures (as recorded by «he single 

operating thermocouple in the channel^ during the operation.  Assuming that the 

resistivity of the electrodes follows the law p = a + bT the difference between the 

measurer" 'hot* and 'cold' resistances gives a direct measure of the wall temperature. 

Fig. 3.9 shows this difference down the channel for two temperatures.  The general 

tendency is for the temperature to fall along the channel, although the effects of 

conduction along the electrode leads may vary down the channel.  Fig. 3,10 shows 

the average resistance difference against thermocouple measured temperature for five 

different times.  The accuracy of these measurements is in grave doubt following 

the discovery of several cracked electrodes on dlssembly of the channel. 

Pressure measurements in the channel (Table 3*0 indicate a rise in pressure 

for the first three stations followed by a fall for the l&iit  station.  In addition, 

the sharp drop in open circuit voltage between electrodes 12 and 13 (Pig. 3,4) 

occurs at the same point in the channel, and,although a pressure ratio across the 

nozzle of more than 2.05 was achieved, supersonic Mach numbers were never found. 

This behaviour could be consistent with supersonic flow where shock occurred between 

the third and fourth pressure station.  However, Table 3.1 shows that similar 

pressure profiles exist when the flow is far from supersonic, for example with a 

pressure ratio of 1.22, and the existence of cracked electrodes could account for 

the sharp drop observed '1 open circuit voltage. 
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Further expsriaaonts are required to clarify the situation«  The general 

discrepancies between predicted and observed flow propertiaa undoubtedly follow 

from (amongst otlsr factors) the operation of a nozzle with a pressure ratio ffiore 

than seven tisses smaller than the design waluee  The attairiaent cf only a low 

pressure ratio across the nozzle  follc-s from the inefficiency of the compressor 

and the higher-than-anticipated pressure losses in the loop components.  under 

these circumstances the nozzle design pressure ratio should be Hatched to that 

achievable in the loop and consequently the following nossle is now (1? August 

1964) in place in the loop 

inlet temperature 1430OC 

inlt t  pressure 0,73 ata 

pressure xatio 2.40 

throat area 2.272 cm? 

exit velocity 2288 n^sec 

exit temperature ■>30OC 

exit Mach number 1.13 

The throat area above is 31/? greater than that for the nozzle used here and the 

nozzle has been constructed merely by removing material tram  the present nozzle 

throat.  The ateve conditions are evaluated for pure heliumj the addition of cesium 

will affect the flow because of dissociation, but provided the seed concentration is 

low, this is not significant, 

A further complicating effect exists in ths  present geometry because of the 

close proximity of the nozzle to the generator channel.  Since the magnetic field 

does not cut-off sharply, flow through the nozzle may be affected by eddy currents. 

The simplest way to overcome this is to increase the channel length, restricting 

th* magnetic field to the central region. 

Leakage resistances were measured throughout the run and values are shown in 

Fig. 3*11 for electrode pair 10.  The resistance decreases as temperature increases, 

as expected; it is only at the highest temperature that the leakage resistance 

becomes comparable with the highest load resistance^  On dismantling the loop after 

operation a black conducting deposit, similar to that found in the run during March3, 

was found on the inside walls of the nozzle and channel.  This conducting layer, 

together with the cracked electrodes p.eviously mentioned, could be responrible for 

several anomalous effects, including the low open circuit voltages, whe s'arp open 

circuit voltage drop between electrodes 12 and 13 and the low and .fidely varying 

voltages observed in runs 13, 14 and 15-  Sxcept in isolated circumstances it is 

impossible to interpret the.-.e last results owing to the considerable voltage variation 
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on each resistance value6  There is  no  pronounced upward or downward trend in the 

observed electrical conductivities along the channel (Table 3»3).  Consequently, 

remefflbering the relatively low flow velocity and anomaiou? flow behaviour, it Is 

unlikely that frozen flow occurred during the nozzle expansion.  Any higher-than- 

equilibriuffi conductivities therefore indicate magnetically induced extra-thermal 

ionization. 

The maxiicujn electrode current observed durxng the run was about 13 mA, 

although extrapolated short circuit currents rsre higher.  For the electrode area 

(2 x 10"5 m2)  this yields a current density of 750 A/'as2«  This is far higher than 

the thermionic current density obtainable from pure tantalum but less than that 

from pure cesium; Fig. }»]2  shows values calculated from the Richardson-Dushman 

equation and three experimental values.  Unless arc spots are occurring, the 

electrodes must have a partial cesium coverage which; if power is to be provided 

continuously, must be continuously replenished.  Different coverage factors could 

account for the variation in power output and conductivities along the channel. 

3.5  CONCLUSIONS 

Many conplicated and interrelated factors, including flrw, material and 

electrical effects, are at present combining to make interpretation of results 

from seeded runs a complex problem.  Nevertheless, accounting all probable errors, 

electrical conductivity values higher than for thermal equilibrium ionization appear 

to have been observed in a segmented-electrode generator.  Further experiments to 

clarify ^hese observations are planned. 
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TABLE 3.4 

MEASURED AND CALCULATED OPEN CIRCUIT VOLTAGES 

Run 
No. 

Time 

T 

UBd, 
volt» 

V         " 
meas 

volts 

V 
meas 

UBd 

1 15.15 - 1.0 - - - 

2 19.27 1365 1.02 53.0 7.3 0.14 

3 20.^5 1365 1.01 52.5 24 0.46 

4 20.!4.0 1315 1.03 51.6 24 0.46 

5 20A5 1315 1.03 51.6 23.4 0.45 

6 21.07 1315 1.03 51.6 25.2 0.49 

7 21.12 1315 0.92 46.1 23.6 0.51 

8 21.17 1315 0.69 34.5 18 0,52 

9 21.22 1315 0.44 22.0 - ^ 

10B 22.47 15W 1.04 61.8 36.9 0.60 

11 22.58 1542 1.02 60.0 35.5 0.59 

12 00.15 1542 1.03 60.6 - - 

13 00.22 1730 1.03 62.9 5 0,08 
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CESIUM INJECTION AM) RECOVERY 

R.Sroim, T^Archbold, aixi A.Sanda 

if.1  OPERATING PROBLEMS 

The ultimate objective for t^e MPD >  LO'ed-loon is to continuously supply 

and meter ceaium vapour to the high temperature helium flow, and to attain the 

same temperature as the helium by superheating the cesium vapour before injection 

or through efficient mixing of the helium-cesium after injection.  To date, 

operation of the loop with cesium seed has clearly dam: 'trated the inefficiency 

of the present vaporizing and recovery techniques. 

It has been established that during injection a cloud of cesium droplets 

form in the diffuser-heat exchanger region.  In recent operation the cloud density 

and duration has been monitored at the heat exchanger outlet station, where two 

opposite windows are arranged to accommodate a light source and photo cell 

respectively.  The responses from the cell are continuously displayed on a u.v, 

recorder.  The windows systems are 1 in. ID x 6 in. long and * ?&  remained 

completely clean throughout a series of runs, including a throughput of approximately 

600 gm cesium.  Although the cloud monitoring system does not give an absolute 

measure of the cesium throughput it establishes the delay interval from the injection 

point to the heat exchanger outlet and gives some indication of dilution compared 

with the nominal rate of injection. 

All seeded runs to date have been associated with low removal efficiencies 

and carry-through of cesium droplets to the helium circulator.  The original 

concept of cesium removal involved cooling the helium-cesium mixture through the 

heat exchanger.allowing the flow to impinge at a low velocity on a cooled surface 

at the base of the heat exchanger and finally passing the mixture through a cooler 

with large water-cooled surface area.  The method proved totally inadequate, with a 

net removal efficiency of less than 2 per cent.  In th« circulator, cesium forms a 

highly viscous complex in the lubricating oil , with subsequent overheating of the 

circulator.  Resin impregnation was employed originally on the circulator to achieve 

a leak-tight unit, so that the possible ingress of ocoling water through breakdown 

of the tpoxy rssin represents a hazard and limits the tolerable overheat of the 

circulator.  Under these conditions of cesium throughput to the circulator a 

maximum of 20 seeded operations, each of 15 aec duration and up to 0.5 /o cesium 
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(total approximately 300 gas), can be carried out before experimenta are suapended 

to allow purging of the circulator.  Purging with lubricating oil takes several 

hours of cold running with helium alone. 

The positive displacement cesium injection systens employed up to the present 

for seeded runs are not entirely satisfactory for short injection periods.  The 

ffietered cesium liquid is brought via the injection system (Pig, 4.1) atop valve 

through the double skin of the loop and into the internal vaporizer (Fig. 4.2). 

The liquid path is relatively long and on short term injection (< i5 sec), the 

seeding rate is not uniform.  Continuous open circuit voltage measurements taken 

during seeded runs exhibit pulsing effects and indicate dilution of the actual 

injection rate, probably caused by limited and intennittent boiling of the cesium 

vapour. 

Th» problems to be resolved are therefore : 

to improve the efficiency of seed removal and recovery from the 

present 12 to 99 percent and so facilitate continuous and steady 

conditions of seed injection and throughput; 

to improve the efficiency and handling capacity of the cesium 

vaporizer and superheat system to allow for seed fractions up to 1.5 

atomic percent; and 

to determine the temperature of the cesium vapour (probably using 

spectroscopic line-reversal techniques). 

4.2  CYCLONE SEPARATION 

4.2.1 Introduction 

After the seeded run in March 1964 (ROT 32) a cyclone separator was considered 

for the removal of cesium, the design conditions being as follows: 

helium mass flow, & = 6,7 gn/sec 

beat exchanger outlet temperature = 100 C 

Mach number at generator exhaust - 1 

The cyclone inlet pressure is determined by the conditions in the generator 

duct and by the subsequent expansion in the diffuser.  Assuming that the kinetic 

energy of the gas at the heat exchanger inlet iz  low compared witn the kinetic 

energy at the diffuser inlet, then 

\                        -£1 
£*• = (—-) . M^ + l/"1  (Pankhurst and Holder1)   (4.1) 
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Now r = 1.63 for heliuxa 

M,   = 1 

( = 0.65 

so that 
Pfl 

= 1.82 

/rcm McNab an^ Cooper^, when 8=0^ the generator duct exhaust static pressure 

will be 16000 newtoiV'm2.  Thus, the diffuser exhaust static pressure will be 

16000 x 1C82 
Pi = fo* " 

P1 = 0.291 ata 

The pressure change through the shell side of the heat exchanger will be 

negligible (Appendix) so that the above pressure will exist at the inlet to t^e 

cyclone, that is 

PJJ = 0.291 ata 

Although it is known that the cesium condenses as a mist, the droplet size 

is not known.  According to Perry4, condensed mists and fogs range in droplet size 

from 0,'\v  to 20m    i* is therefore proposed to design a cyclone having the highest 

possible efficiency for small particles.  Since both pressure loss and collecting 

efficiency increase as the size of a cyclone is reduced, the cyclone will be made 

as small as possible provided the cyclone pressure loss does not exceed 0.5 pai. 

The cyclone will then have the maximum efficiency.  Dea^"n data are presented in 

Perry4 for cyclones having the proportions given in Fig. 4.6, 

Thus, the pressure difference between the inlet and outlet of the cyclone 

is given as 
2' 

hj .....  (4*2) AP 23   - 

4 A 
»» -1 + (3-?) 

e     -• 

For cyclones of the given proportions 

so that 

Also 

F23  = 8h2  (Perky4) 

r 
AP 73 L7 + &rf)2 v

vD 
e     -J 

h2 

12   = H    B 
* CO 

D a 

c = T 
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0 
and D    = -~ e        2 

therefore AP^s = /  + ^'J 
AP23 = 7.405 ^ 

The inlet velocity head h3  = T P2 vz2     dyne/cm2 

where V2   = T—  A2  p2 

Now      5    = 6,7 guyaec 

D 2 

A2  = —w—    cm2 

p2  = 3.8 x 10"5   gn/ 

1 .41   x  106 

on 

and,  hence V2   =     *    g gni/sec 
c 

.      ,         3.78 x IP7   ,      ,   2 
and      h2  =  r—j-  dyne/cm 

c 

from which it follows that 

AO          2.8 x 1Qe     .       / 
AP23  =  zr-f     dyne/c- 

C 

A3 preTiously stated 

so that 

AP23 = 0.5 psi 

n « - 2»8 x ^O8 yc  " 3.45 x 104 

and  Do  -• 9.48 cm  (= 3.73 in,) 

Using the proportions given in Pig, 4.6 as a guide, a cyclone was constructed 

as detailed in Fig, 4.7. 

4.2.2 Construction 

The cyclone must be inserted into a aix-inch bore pipe downstream of the 

heat exchanger shell aide,  A conical section changer is needed to lead the 

inflowing gases smoothly into the tangential entry duct.  This is shown as an 

integral part of the assembly in Fig, 4.7.  The gas leaves the cyclone through 
3 o 

a 14 in. bore pipe having a 90 lobster-back bend, and exhausts into a six-inch 

bore pipe through a 7 diffuser. 
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The lower end of the 1-1 in. bore exhaust pipe is fitted with a 22 gauge skirt 

to act as a drip-point within the inlet vortex for any liquid cesium film running 

down the outer wall of the exhaust.  Without this skirt, any such cesium film woula 

drip off at the exhaust lip and be carried away up the tube by the outgoing helium. 

A collecting pot is provided at the lower end of the cyclone to receive the cesium 

as it flows down the core.  This pot can be drained into a lower pot through a x in. 

bcre pipe and a bellows-sealed valve. 

All parts are made of EN58B stainless steel and all joints argon arc welded. 

Unnecessary projections and roughnesses inside the cyclone were removed to improve 

the cyclone collecting efficiency. 

4.2.3 Pressure losses 

Before considering the system pressure loss it is necessary to know if the gas 

Mach number is significant. The maximum average velocity will occur at the cyclone 

inlet.  The Mach number there will be 

M2 = 
A2 Vi- P2 p2 

Now   G =6.7 gn/sec 

A2 = 10.56 cm2 

r   =1.63 

P2 = 0.291 x 1.003 x 103 x 981 

= 2.95 x 105 dyne/cm2 

p2 = 3«8 x 10'5 gn/cm2, 

so that    M2 = 0.148 

This is sufficiently low to be negligible in pressure loss calculations. 

The overall pressure change in the separator system can be conveniently split 

into the following parts; inlet section-changer, cyclone, exhaust pipe and bend, 

diffuser.  These are considered separately. 

The cyclone inlet Reynolds number is 

& D 
Re2 =  

A2 a 2 

where G = 6.7 gV'sec 
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V = 
2 B    H 

c    c 
+  B 

2 x 0.875 X 1.87? x 2 .% 
2 -75 

Therefore 

= 3.03 cm 

A2  = 10.56 cm2 

U2  = 0.02 5 :- 10"2  poise 

Re2  s 6.3 x  103 

The inlet flow is thus  turbulent.      The pressure  loss in the section changer 

can therefore be expressed5 as 

Pi   - Pa =2 Pi a  (V2
2  - V,2  + K V2

2) 

1   G — hrr - irr   + 0.05 p12[_A2
2       A^ 

2  Pi 2 L^? ^ '   _ 
(4.3) 

v-im3 

G » 6,7 gu/sec 

p12 = 3.8 x 10"5 

A2  = 10-56 cm2 

Ai  a 182 cm2 

so that the inlet section pressure loss, V%   - P2  = 5*58 x 103 dyne/cm2 

and the cyclone pressure loss, P2  - P3  = 3»45 x 104  dyne/cm2 

L 0 
In the exhauat pipe and bend Reynolds nusnber Re3  = ■--1—— 

s 

T 

ir D J 
and G -  6.7 gsi/sec 

D    = 4.12 cm e 
-2 H  = 0,023 x lO'^  poise. 

so that Re,  s 4 x 6.7 
3   " v x i..12 x 0.023 x 10" 

= 9.01  x 103 

The pressure loss in the pipe is given by 

P3-P4   = 
4 f L 

* 2 P54  A3 
j    dyne/cm2 (4.4) 

V( 
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In which f = 0.008 

1 = L
st * H, 

= 30 + 32  x 4.12 

= 161,7 cm 

G = 6.7 gn/sec 

P34  = 3.8 x 10"s gn/cm3 

A3  = 13.3 cm2, 

so that the exhaust pipe and head pressure loss, P3-P4  = 4.72 x 103 dyne/cm2 

For a diffuser operating at low Mach number the pressure change is given by 

Ps-P.  * *¥ V.2   (1   -C) - V3 dyne/cm2 

2 P54 f?    ^-^-V (4.5) 

in which        piA  = 3.8 x 10"5  gn/cm3 

G = 6.7 gn/sec 

A4  = 13.3 en2 

A5  =182 cm2 

C = 0.088,      (de KoYftta and Desmur^) 

so that the diffuser pressure loss, P5-P4  = 3,04 x 103 dyne/cm2. 

Thus P,   - P2  = +5.58 x 103 

P2 - Pj = +3.45 x 104 

P3 - P4 = +4#72 x 103 

P4  - Ps  = -3o04 x 103 

so that    Pt   - Ps  = 441.76 x 103 dyne/cm2 

= 0.605 pai 

This can be expressed generally as 

Pi   - P5  = 1.05 x 10"5 2—i*- 
G2  T3 

Pa 
psi (4.6) 

4«2.4 Collecting efficiency 

The collecting efficiency of a cyclone depends upon the cyclone geometry, 

relocity of the carrier fluid at inlet, the nature of the material to be extracted, 

and the particle sise.  The data used in Fig. 4*8 were abstracted from Perry4 and 
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shows the variation of collecting efficiency with a non-aimensiona?  particle diameter 
Dpi 
_£ for a cyclone as defined in Fig. 4.6.  Dpc refers to the particle sise for which 

ti» cyclone has an efficiency of 0,5.  Considerations of the forces acting on the 

particles in a cyclone show that 

5 B    C Ee      u 
n     ,  Q    D  P     i*f 
ü

PC * TTTN; - wpr • iFp^pj ..... (4.7) 

where Rep and CL are related by 

6 G? V (pp-p) 
ro u p ^Z R6p3" 

For particle systems having 0,0001 

above equations  reduce to 

9 y ii 

PC ~ ^ 2'7'Ne V2 (pp - ß) 

..... (if,8} 

< 2,0, Stokes' law is valid, and the 

..... (4.9) 

Using the given design conditions, with Fig. 4.8, it is possible to predict (see 

table below) the collecting efficiency of the cyclone for cesium droplets of different 

sizes. 

Thus, since 

then 

y = 0.023 x 10"2  poise 

Bä ■ 2.22 cm c 

Ne s 5 (ase Perry4) 

V2 = 1,6? x 104  cä^/sec 

pp s 1^8 gm/'cm3, 

5^ = 0.695 x 10"4  am 

DP H, n 

0.5 0,72 0,37 
1.0 1 A4 0,65 
1.5 2.16 0.82 
2.0 2.88 0,90 
2.5 3.6 0.94 
3.0 4.32 0,96 
3.5 5.03 0.97 
4.0 5.75 0.97 
4,-5 6.47 0.98 
5.0 7.20 0.98 
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It raust be noted here that these predicted collecting efficiencies refer to 

iulid spherical particlesr  When the particles are liquid, the secondary vortioes 

in the upper annular section of the cyclone can induce ä  flew of liquid along the 

inner walls towards the exhaust, thus reducing the efficiency.  This effect can 

be reduced by introducing drip points.  If the liquid particles agglomerate, then 

the collecting efficiency will increase. 

.'».•2.5 Pressure loss tests 

Before installation into the MPD closed-loop, the cyclone separator was 

tested in the open circuit (Fig. 4.9) for pressure loss and collecting efficiency. 

Air was drawn from the laboratory by a centrifugal fan and led by 3 in. 

bcre piping into the cyclone inlet.  The 3 in. pip® was extended into the conical 

section changer to ensure s smooth transition from 3 in. diameter.  The air 

cxhausted into the laboratory through the diffuser.  Plow variation was possible by 

variation of the fan speed, or by a gats valve located just downstream to the fan. 

For this test the -J- in. bore pipe at the lower end of the cyclone collecting 

pot was plugged with a rubber bung.  The air mass flow was measured with a plain 

intake orifice7 of outside diameter 5.72 cm, attached to the fan inlet,  A 

paraffin filled inclined manometer measured the pressure difference across the 

orifice. 

The pressure difference across the cyclone system was determined by measuring 

the static pressure of the flowing air just up tream to the conical section changer, 

using a water filled manometer, and assuming the exhaust pressure to be atmospheric 

at the diffuser outlet. 

Measurements were taken for air flows ranging from 10 to 30 gn/seo, the 

observed orifice heads and static pressures being recorded graphically in Pig. 4.10. 

Prom these results 

H = 36.2 h      where the units of h are in. of HaO, 

H are cm of HjO.. 

Por the orifice, & = 19.8 h«1— gn/eoc where the units of h ere in. of HaO, 
^    a 

P    are mm    of Hg, 

T    are    K. a 

The system pressure loss is therefore 

Fi-Ps  = 9.24 x ICT2    g 6p y*   1   dyne/W 
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During the test 

T ■ 2960K 
a 

pft m  747.65 nns Hgf 

so that      P, - P3 B 35.9 G
2 dyne/cm2 (for air) 

To determine the losses introduced by the cyclone itself, it is necessary to 

separate the losses in the section changer, exhaust pipe, and diffuser. 

From equation (4»3) 

and, for air 

so that 

Pi 2 S! 1«17 >■ 10"3 gn/on3 

A1 ■ 45.7 oa2 

A2 = 10.56 cia2 , 

Pi-Pa = 3.8 G2  dyne/cm2  (for air) 

Prom equation (4*4) 

New 

P3-P*  = 

Re, = 

. 4 f L 
»,      2 p34 A3' 

JL± 
* De^3 

therefore 

and then 

Also 

so that 

D    = 4.12 cm e 

ltz m 0,0182 x 10'2  poise 

S s 10 to 30 gn/aac 

Äes  = 1.7 x 104  to 5.1  x 104 

f = 0.0065 to 0.0053 

Taking an average value 

f = 0.0059 

P34  = 1.17 x IO-3 , 

A3 ■ 13.3 cm2 

L * 161.7 cm, 

P3-P4  s 2.24 G2 dyn^om2 

OB 

Prom equation (4.5) 

Ps-P, 2 p 54 !7(1-f)-^] 
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p54  = 1.17 x 10"3    gn/cm3 

A4  = 13.3 cm2 

A,  = 182 cm2 

C    = 0.088, 

so that P9-P4  ■ 2.57 C2  dynfl/cm2 

Now the cyclone pressure loss is (P2-Ps) and 

(P2-P3) = (P,-?,) - (Pi-P2) - (Ps-P-«) " (?4-P5) 

= (35.9 - 3.8 - 2.24 + 2.57) G2    dynes/cm2 

(P2-P3) = 32.43 S2 dyne^om2. 

Expressed in inlet velocity heads, 

(P2-Ps) = 8.45 h2. 

4.2.6 Collection efficiency teats 

To simplify the experimental tecimiques, ehe cyclone was tested with a mixture 

of air and carbonyl iron powder simulacin^ cesium (manufactured by Inco Moad), the 

particles being sp;.erical and of known sizes.  Two grades of ponder were used: 

MDG and MCHP of average particle sizes 2.9 and 7 micron. 

The iron powder was injected into the fir through the static pressure tapping 

upstream to the cyclone section changer in the following manner.  Powder was 

placed in a pot fitted with a perspex lid and, by blowing dried nitrogen through a 

l/l6 in. bore pipe tangentially into the pot base, the powder could be fluidiied and 

car^iad through an 4- in* bore pipe into the main air flow.  To collect the powder 

separated by the cyclone, a weighed glass boiling tube was attached to the ■* in. 

pipe at the lower end of the cyclone by a bored rubber bung. 

During a test run, a known weight of aither MDG or MCHP grade powder was 

placed in the clean fluidizer pot and the lid sealed.  The main air flow was 

adjusted to the required value.  Then the nitrogen flow into the fluidizar was 

started and adjusted until the powder was seen to be thoroughly entrained in th« 

induced vortex.  Shortly after this condition was achieved, powder could be »^en 

settling at the bottom of the glass collecting tube.  Prom time to time during the 

run, the cyclone was struck with a plastic hammer to release any powder clinging 

to the cyclone inner walls.  When the f xuizing pot was empty the air flow was 

increased to a maximum to clean the cyclone of collected powder.  The collecting 

tube was detached, closed with a weighed bung, and weighed.  This procedure was 

repeated for various air flows using each of the powders. 
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After completion of the meesureajents the cyclone and section changer were 

carefully removed from the circuit.  Iron powder had settled on the bottom of the 

pip© belo^ and downstream of the injection point in the upper wall of the pipe. 

Powder had also colloct«d in the dead apace between the section changer none and 

the length of j> i&o pipe protruding into the section changer (Fig, 4.9).  The 

powder was deposit«,d in layers of light grey and brown grey, showing that both 

grades were present.  All of this powder was collected and weighed. 

The measured air flows, injected weights of powder, and collected weights 

of powder are recorded in the following table. 

Teat 
No. gn/sec 

Powder 
grade 

DP, 
micron gm gm gm gm V 

BPC' 
micron 

^P 
DPC 

1 9.1 MCHD V 110 31.2 78.8 78.8 0.997 1.52 4,6 

2 13.9 MDCr 2.9 23.1 0.008 ?5.1 22.4 0.97 1.25 2.32 

3 32.5 MCHD 7 69.2 5.38 65.8 75.4 1.15 0.806 8^8 

k 9.2 MDG 2.9 79.5 4.2 75.3 51.5 0.686 1.46 1.58 

b 5.65 MCHD Ü.9 19.5 1.69 17.8 14.1 0.794 1.935 1.5 

6 9.32 MCHD 7 4B.2 13.7 34.5 31.2 0.92 1.415 ". 95 

7 33.3 MDG 2.9 23-2 0.34 22.9 23.4 1.02 0,7/. ■»'. 

8 5.65 MCHD 7 36.^ 16.7 19.2 21. 1.C9 
  

1.935 3.62 

Before calculating collecting efficiencies it was necessary to correct the maaaured 

injected weights for the amount of powder lost by settling during ach run»  This 

was done by proportioning the total deposited weight according to the efficiency 

as a gravity settler of the 3 in. pipe downstream to the injection point for each 

set of test conditions.  According to Perry4, a rectangular gravity settler haa 

the efficiency: T 

t a 
^a = H V  * 

a 

The weight of powder lost by settling during each test was thus estimated as 

2Wir?a 
Z W 

The weight of powder actually entering the cyclone was calculated aa 

W! = W, - W 
i   i   s 

and the collecting efficiency as 

r? = 
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The ratio P/I^ »as evaluated for each test usin^ equstion (4.9).  The 

appropriate values of C_ and Re.^ were found from equation (4.8), in conjunction 

with Pig. 114 of reference 4 which shows the variations of drafc coefficient with 

Reynolds number for spheres. 

The results of these testa sre presented in the abo7e table and in Fig. 4.11. 

The , P/^pp characteristic recommended by Perry5 is also given.  The two curv«3 

do not differ significantly, so that the design is a^.tlsfactoryw 

On the basis of the measured characteristic, the expected collecting 

efficiency has been calculated for the design conditions (Fig. 4.12). 

4.2.7 Loop operation 

The unit was fitted into the loop (Fig, 4.5) at the heat exchanger outlet; the 

perfcrmanoe from seeded runs RHT 33 and 35 (and later runs not reported) showed an 

actual cesium removal efficiency uf -"12 per cent.  A comiuercial Centrifix Separator 

has been ordered and will be installed in the loop for seeded runs planned early in 

December 1964.  A removal efficiency better than 99 per cent is guaranteed. 

4.5  ELECTROSTATIC PRECIPITATION 

Careful conaideration has been given to the feasibility of a cesium removal 

system eiaploying electrostatic precipitation techniques for the oesium-helium mist. 

Such a system with negligible pressure loss and very high available efficiency ia 

extremely attractive for application in the closed cycle MPD power generation 

facility.  Whereas with a cyclons aeparator the separation efficiency for gas-borne 

particles of less than HO nicron falls off rapidly, the electrostatic precipitator 

maintains a high separation efficiency for small particles, 

A theoretical feasibility study has been carried out and small development 

units built and tested.  At präsent^stable coronas have been achieved with helium 

alone (Fig. 4.5) but inso-fficient operation has been possible with cesium-helium 

flows to prove performance potential. 

4.5»1 Principles and theory 

In electrostatic precipitation unwanted charged particles drift out of the 

main gas flow under the influence of an electric fi*ld, the efficiency of removal 

depending upon the applied voltage.  Particles must be electrically charged, one 

means of achieving this being to create a corona by applying a sufficiently strong 

field between the electrodes.  Two types of d.c. corona can be set up, depending 

upon whether the corona electrode is positive or negative.  Positive corona is 

set up at higher voltages than for negative corona in hydrogen, carbon dioxide and 

nitrogen; in hellum3 oxygen and air the critical electric field ia lower for positive 
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than for negative cororui at pressurea greater than 1   cm Hg, but higher at lower 

pressures.      However,  positive  corona is usually employed because of its mere 

uiixfona distributionj negative corona appears as tufts or beads along the corona 

electrode, the presence of which complicates the precipitation mechanism and renders 

thaoretlo*! analysis difficult. 

Charging of the particle takes place by ionic impact, either by attachment to 

gaa ions migrating to the cathode or with ions under thermal motion (effective only 

for particles of less than ^ micron diameter). 

A fall analysis  shows that the number (n)  of elementary  charges  (e)  acquired 

in time t by a spherical particle under migrating ion impact conditions is given by 

p E    a2 

n =  j     .  j— ..... (4.10) 

where p is a constant depending upon the particle material, 

a is the radius of the particle, 

B is the field strength at corona elo trode surface, 

N is the ion concentration, and 

k is the ion mobility. 

t 
As t ^ 00, then      .    -*■  1 

t + "_ . 
»Nek 

In practice maxiarum charge is attained in a fraction of a second, and 

(MAX) = *• "T 

pB a2 r o 

or maximum charge   q = fc/^.^e 

so that q = p B a2. ..-.. (4.11) c 

The constant p = 3 for conducting particles and, for non-conducting particles 

p = —rsr where c is the dielectric constant. 

Under conditions of thermal ion motion, the number of charges accepted by a 

particle is 
a ET  .  / 4 , g as NeH\ /, ,„% 

n = -J5-  log ( 1 + ——jg—a)   (4.12) 

where K is Boltsmans constant, 

T is absolute temp, 

s is r.m.s ion velocity, and 

N is ion concentration. 
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For concentric cylinders it has bsan shewn that a corona can only be 

produced when the ratio of outer to inner radii of electrodes exceeds a certain 

critical lirait:  the starting voltage for a corona dependa upon the siae and shape 

of the corona electrode (wire) and interspace. 

The field strength B between two radii Ri and H^ can be defined by 

V = /    B dr 
jR2 

where V is the potential difference between 1^ and R2. 

The field strength at a radius r ia given by 

1 = r log, R2/R1   
= r  (4-13) 

Wh6re c = log R;/^    " constant 

In the presence of an ionic space charge the field is xodlfied to 

dB + B - 4ira = 0  (4,14) 
dr  r 

where c is space charge per unit volume. 

At radius r the ionic current i per unit length of electrode wire ia given 

by 

i = 2 » r a, (ion velocity) 

= 2 v r o EX  (4.15) 

where k is ion mobility. 

Prom equations (4.14) and (i. .15) the following equation may be obtained 

/2i   o2 \ 4 
S = (t" + ~T) v k   r 

c2 
and, for large values of i and r, —r oan be neglected 

so that B « (Y-)T  (4.16) 

When particles are present equation (4.16)  is modified to 

B = (71) ^ •  (1  + JP S r)  (4.17) 

where S ia the surface area of particles per unit volume. 

This equation shows a linear relationship between field strength and radius, whioh 

is dependent upon the nature and ooncenh ation of particles.  Fig. 4.13 shows how 
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pArticles effect the field strength. 

The force Fi acting on a particle with charge q in a field S is given by 

Fro© equation (4.11) 

F«   = q S   . 
P 

F1   = F S    s    &2 
op 

where      S    » E    ;'or » Ixiith particle concentration, c        p =*" *~ 

Th<? viscous drag, by Stok•e,•,   law,  is 

F2   =  6 vl ^i vy ir 

where a is particl j radius, 

fi  is viscosity of gas, and 

w is velocity. 

The transverse terminal velocity u is reached fairly quickly, 30 that 

Fi = F2 
p BA B^ a 

Therefore u = 0 P 
6 v ß 

For a conducting particle p = 5 and therefore 
a E E 

u = 0.16  ^—^   (4.18) 

The longitudinal  velocity for "'aminar flow v is given by 

v    = 2V (1   - •£ )     (4.19) 

where V = average flow of gas 

y = radius from centre 

R = outer radius of tub«. 

A particle cloae to the inner electrode will take the longest time cf all 

to precipitate, »r»1 will give a theoretical maximum for the length of tubo inquired. 

The longitudinal velocity of such a particle = 2V 

at y = 0  (4.20) 

and xhe length of tube necessary to precipitate a particle is given by 

3  u 

and from equations(4.18),   (4.20)the maximum length of tube required ia given bj' 

L -it 2 VR u 
(MAJC) " 3 * 0.16 a^^ r r 

Jfc<_w     c     p 
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where        a,  \ ia the minimum radius of particle in the system. 

Therefore     ^/uAv't = v'H—T^— ..... (4.21) (MAX)  Ec Kp a(MIN) 

If V is in cm/aec, a and ?. in cm, ^ in poise, E and E in oav/cm 

(300 volt/ca = 1 «svv^cm) then L will be in cm. 

Sample Calculation 

Without full investigation, both theoretical and experimental . the 

critical voltage E at which the corona appears cannot be determined.  The 
c 

potential difference to precipitate all cesium particles can be calculated from 

the following equation. 

T 16.7 V R </ /.   -^ 
KMX)      Ec Sp a(MxN) 

The following dimensions and flow data are used: 

'(MAX) 
maximum length for precipitation  IvU4Y^ = 2m 

radius of tube 

mean helium flow 

R = 7 cm 

V = 4.5 n/s«c 

M = 25.5 x 10"5 

a/„-_. ,    =1 luicron 

viscosity of helium at 150OC     ^      = 25.5 x 10"' poise 

radius of smallest article 

The product 7,, 3 is found to be 670 (sav/cm)2,      If it ia aaaumed that B * B 
^      ic p x     / c   p 

then E «(67C)T =« 26 esiv'cm = 7800 volt/om and the potential difference required c 
is about 40 k^love its. 

The above calculation allows for extreme conditiona; an Increase in minimum 

particle size, or a decrease in temperature  nd hence viscosity), flam rate, or 

radius of the tube would lower the potential difference needed to produce the corona, 

4.4  OI/rRMSONIC CESIUM REMOVAL SYSTEMS 

Ultrasonic techniques are also being considered to promote oeaium droplet 

agglomeration and facilitate its removal from the helium flow. 

For the next series of seeded runs a 500 watt power source is to be used to 

drive an ultrasonic transducer titanium 31ÖA alloy probe (Fig. 4.4).  Transmitted 

powers of up to 1 watt are expected.  The probe i5 to be mounted at the bottom 

of a vertical glass column (6 in. diameter, 8 ft high) and is arranged to 

propagate axlally in the direction of the helium-cesium flow.  Stringent 

pre-sealing tests will be carriad out to determine possible fatigue characteristics 

of the glass system, 
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Should tho electrostatic precipitator and ultrasonic systems prove practically 

fftasible, a combination of the two will give extremely high efficiency of seed 

removal. 

4.5  CESIUM VAPORIZATION AM) SUFERHSAT 

Until the problem of seed removal is resolved, only short duration seeded 

injection will be possible.  For the isunediat© future a considerable programme is 

planned for investigations at nozzle inlet temperatures lower than 1800 K,  A 

system has been designed (Fig. 4.5) (and is in the final development stage) to 

temporarily replace the high temperature helium heater, high tenperature transfer 

and cesium vaporiser.  The system is horisontal, axially in line witn and connected 

directly to a subsonic nozzle and generator duct.  It comrrises a stainless steel, 

mesh electrical heater connected mechanically in series with a boron nitride 

insulated tungsten element electrical resistance heater, the tungsten element being 

in three stages to allow for power balance.  Cesium is to be injected through three 

jets and atomized with the helium flow prior to entry into the stainless steel mesh 

heater (available power 27 kilowatts}which takes helium-cesium to «900 C (cesium 

in vapour state).  The second-stage tungsten heater (power 20 kilowatts) raises 

the helium-cesium temperature (mass flow helium 5 gn/sec at 1 ata; cesium fraction 

1.5 /o) to approximately 1800 K, 

Careful consideration has been given in the design to the problems of electrical 

breakdown due to the presence of cesium.  Tho unit is to be commissioned shortly 

and if satisfactory should give additional data en the problems of duct surface 

contaminat-* on, 
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NOMEFCLATITRE (Chapter 4) 

A     fluid flow araa 

B    magnetic field 

B     cyclone inlet width c 
C_    drag coefficient 

D     cyclone inner diamster 
c    J 

D     cyclone exhaust diameter 

Dp    particle diameter 

cut particle diameter 

frictional losses 

fanning friction factor 

mass flow 

gravitational acceleration 

cyclone inlet velocity head 

orifice pressure difference 

manometer head 

cyclone inlet height 

height of gravity settler 

dimensionless coefficient 

pipe length for friction loss 

length of straight pipe 

equivalent length of bend 

length of gravity settler 

Mach number 

No. of turns by particle in cyclone 

pressure 

Reynolds number 

radius of particle path 

temperature 

terminal velocity of particle 

velocity of gas 

injected weight of powder 

corrected injected weight 

settled weight of powder 
a 

W collected weight of powder 

JT ratio of specific heats 

t differential 

€ diffuser efficiency 

rj collecting efficiency 

17 gravity settler efficiency 

viscosity 

diffuser losses 

density 

particle density 

PC 
F 

f 

G 

g 

h2 

h 

H 

«0 

«. 
K 

L 

M 

Ne 

P 

Re 

rc 
T 

u. 

i 
w 

p 

Suffices 

0 refers to generator duct outlet 

1 refers to heat exchanger inlet 

2 refers to cyclone rectangular 
inlet 

3 refers to cyclone outlet 

4 refers to exhaust diffuser inlet 

5 refers to exhaust diffuser outlet 

P    refers to particle 

f    refers to flid/ 

a    refers to ambi vt eonditions 
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CESIUM      INJECTION   EQUIPMENT 

FIG 4 I 



CESIUM    VAPORIZER 
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ELECTROSTATIC   PRECIPiTATOR AND CYCLONE    SEPARATOR 

FIG 4-3 



ULTRASONIC   TRANSDUCER     WITH   TITANIUM      PROBE 

FIG 4-4 
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CESIUM   CYCLONIC  SEPERATOR  FOR MP.D CIMCUfT 

FIG 47 
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CHAPTER 

GENERATOR DUCT 

by 

R.Brown, W^J = Slator, V,Brown, K.Cass, J,Davidson and (i.Johnson 

5.1   SPECIFICATION 

The generator duct system employed in the cesium-seeded runs in March 1964 

(PJfT 32, see TRD 64-36, Bibliography nurober 45) had exhibited significant electrical 

end leakage to earth.  For the hot run (RM1 54) and the subsequent cesium-seeded 

runs (RHT 35) (see Chapter 3) the generator duct walls were extended axialiy at 

the subsonic diffuser end and an electrically-insulating expansion nozsle in boron 

nitride was fitted.  Fig, 5.1 shows the tantalum (0.02 in. thick) high temperature 

transfer section and cesium vapourizer, with ^he attached boron nitride nozzle. 

Duct walls 

Duct dimensions 

Electrodes 

Probes 

boron nitride 

6 in. x  1T in= x ^ in, (+ -r in. diverging 

diffuser) 

16 pairs 4T in- semi-circular section tungsten 

1(9? tantalum 90?? alloy {Pig. 5.2a) 

~- in. diameter tantalum, two on each side of 

nozzle throat and four at diffuser end of 

generator 

boron n_tride profiled for Mach 2,3 operation 

(Fig. 5^2b) 

generator duct and transfer section Zirconla 'E1 

fibre with outer wrappings of 'Refrasil' tape 

™ in, tantalum-sheathed, tungsten-tungsten 2t$t 

rhenium 1 upstream of nozzle in gas stream, 2 

flush with duct wall downstream of generator 

Fig. 5*3 shows the assembly (diffuser end) loaded into Lha generator case. 

Pig, 5^43 shows the generator assembly after RHT 34 and 35 in a partly dissembled 

state.  Bonding of the boron nitride plates had occurred at the close-toleranced 

interface joints; this was attributed to ingress and reaction of Refrasil dust. 

The plates were finally forced apart mecnanically. 

Expansion nozzle 

Thermal insulation 

Thermocouples 
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5.2 gLECTRICALLY-CONDUCTINS LAYSRS 

A fairly uniform electrically-conducting layer (less tnan 1 ohiv'cm) was 

observed on all four duet inner wall surfaces and the interior surfaces of the 

expansion nozzle (Pigs. 5.5a and 5.5fc).  This phenomenon has been discussed 

previously (iSJ)  64-36) and extensive analysis of electrically conducting surface 

layers has been carried out without determining the mechanism of layer transport 

or the major components contributory to the electrically conducting properties of 

the layer. 

Tests have bean conducted on small samples of electrically-conducting 

generator walls in both boron nitridd and recrystallized alumina, heating for one 

hour under controlled atmospheres from vacuum {<]0'A  torr) to 1 ata helium pressure, 

through a temperature range 1450 K to 1850 K.  Samples taxen from ducts used in 

runs before BJfT 33 have lost the conducting layer with tnis procedure and recovered 

the initial electrical resistivity.  A further test included fitting six electrically- 

conducting samples of recrystallized alumina, three upstream and three vTownstream 

of the cesium injection station in the MPD tantalum high temperature transfer section 

allowing the layered surface to be 'washed* by the hot helium and helium-cesium 

flow during cesium-seeded RHl 36 (not reported here).  Inspection of the samples 

after the runs showed that the conducting layer had been removed in all cases with 

recovery of the surface electrical resistivity (Fig. 5.?).  The generator walls 

(boron nitride) from RHT 33, 34 and 55 had become layered and electrically 

conductive (less than 1 ohn/can).  Prom these tests it was deduced that the 

conducting layer was unstable above 1450 K; it therefore appears that the layer 

formation is by deposition on the cooler generator duct walls. 

5.3 ELECraODBS 

Inspection of the tantalum-tungsten strip electrodes after RHT 34 and 35 

showed extensive transverse creeping (Pig. 5.6).  Complete fractures were noted 

in 11 of the 32 strip electrode» and appeared to occur in each case at the lead-out 

bend where the internal stress promoted through forming would be highest.  Some 

inconsistencies of power generation results (Chapter 3) alon^ the axis of the 

generator can possibly be attributed to the high interface resistance of the 

fractures and in some cases intermittent open circuit. 

A transverse section was taken from a cracked electrode at a position midway 

along the acti -e electrode and the areas were examined metallographically.  At 

the electrode-gas interface the layer had an even thickness of 17 microns.  At 

the boron nitride-electrode interface, although there was no evidence of a definite 

layer, the electrode surface was extensively cracked both axially and transversely 
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(attributed to reaction between the electrode and boron nitride).  At the corner 

connecting the boron nitride-electrode interface to the gas-eiectrode interface, 

the depth of penetration of cr&cks was about 250 microns.  All throe samples 

were extremely brittle. 

An overall X-ray analysis of the electrode surfaces showed the ptesence of 

Ta^j and TaB*  The layer at the boron nitride-electrode interface was assumed 

to be TaB,  Samples of boron nitride and boron nitride surface layers were 

analysed spec 'rographioally.  Unused samples of boron nitride showed "lajor B, 

trace Si and minor traces Al a-d possibly Cu.  Boron nitride from the duct wall 

remote from the gas interface (non-conducting electrically) showed the same 

analys: 'i • 

At the interface between boron nitride and the electrically conducting layer, 

the analysis gave major B, trace Al (higher than previous samples), Ca, and Si and 

minor traces Fe; Cr and possibly Cu. 

5.4  GPgRATOR DUCT WALL HEATSR DgVSLOPKBWr 

Although efficient insulating materials have been used oxtarnally on the 

generator section (for example, Ziroonia 'l* fibre) there is a space limitation 

transversely between the poles of the magnet and it has been recognised that the 

generator walls (and especially the electrodes) have been at significantly lower 

temperatures than the plasma in the generator*  This has resulted in; 

eleotrioally-conduoting layers on the generator wall iaaer 

surfaces, causing low inter-electrode resistance and effective 

short circuiting of the generator with progressive and sometimes 

rapid performance deterioration and uncertainty of results during 

seeded runs] 

limitation of electron emission from the electrode surfacesj and 

uncertainties of gas-wall interfacial temperatures and subsequent 

difficulty in theorytioel interpretation of results. 

For these reasons a programme has been initiated for the development of 

externally-heated generator duct walls.  Design considerations have been for a 

minimum useful heater life of 25 hr at up to 1900oK, uniform temperature 

distribution, »»nd provision for lead-through of the required complex of electrode, 

pressure and thermocouple station leads.  Barly work was carried out using a boron 

nitride duct top wall (7r in. x 1.J- in. x 4 in.) split and screwed to aeooamodate 

single refractory metal (0.010 to 0.020 in. ¥ and Ta) heating elements (figs, 5.8a 

and 5.8b). 
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A rectangular duct hap been built to the cross sectional dimensions of the 

sjstess used in RUT 34 and 35# hut with the length reduced to 4 in.  Internal 

tantalum (0,020 in. thick) heater-» were fitted in each wall and s-sries-connected» 

The system was Insulated externally with zirconia fibre and therraally cycled to 

1750 E under high vacuum conditionsj the temperature was held av 1750 K for 25 hr 

(Figs, 5»9a, b and c).  Inspection showed no deterioration of the system other 

than embrittl'sment of the element due to reaction with the boron nitride» 

The tests are now being extended to s tudy generator wall heator performanoe 

under conditions of helium flow and at the time of writing a complete heated 

generator system is being built for power generation runs in the closed loop. 
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BORON NITRIDE   SUPERSONIC   NOZZLE 

FIG 52 b 
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ASSEMBLY  IN  GENERATOR   CASE 

FIG 53 



GENERATOR   ASSEMBLY   AFTER   RUN 

FIG 54 a 



HELIUM LEAKAGE  PATH  BETWEEN   DUCT END  AND DIFFUSER 

FIG 5-4 b 



SPLIT GENERATOR DUCT   SHOWNG ELECTRICALLY  CONDUCTING LAYERS    AND 
PITTING   OF ftORON   NITRIDE   SURFACE 

FIG 5'5a 
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FIG 5 5b 
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CHAPTER 6 

INSTRITMSNTATION 

by 

F.3. Jones, M. Watson, I, Wilson, R. Brown and I.R, McNab 

6.1 DKRODPCTION 

Aa indicated in the previous Technical Summary Report (IRD 64-36, Chapter 10) 

much effort has been devoted to accurate measurement of the plasma flow parameters 

in the MPD generator duct itself.  Of particular importance is the problem of 

temperature measurement for which no satisfact .>ry solution has been resolved 

although the method described in Section 6,4 is of some interest; consequently for 

this and other reasons, heated duct walls are to be used so as to operate under as 

nearly isothermal conditions as possible^ 

The system for generator output parameters (described in Section 6.2) has 

proved satisfactory ana is currently being modified for more sophisticated 

measurements of generator characteristics. 

6.2 GgNSRATOR CHARACTERISTICS 

During cesium-seeded operation it is essential to extract the maximum 

information in the available time.  Cesium may only be injected for 5 «ec periods, 

and in the early runs, the instantaneous concentration fluctuated rapidly; ideally, 

the MPD generator loading would be cycled faster than these fluctuation». 

The following information was required: 

V-I oharacteristic of each electrode pair under power generation 

conditions; 

voltages on 5 probe pairs outside main MPD duct; 

Hall-effect emf's and short circuit currents; 

interelectrodt. leakage resistance; 

plasma passive V-I characteristics; 

electrode resistance as an index of electrode Vjperature distribution 

along the duct; 

cesium injection period; and 

flow of cesium at heat exchunger exit. 
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6.2.1 7"! power characteristics 

A typical l6~electrode pair (A, Bf C....R) channal (designated X) is shown 

at the top of the circuit (Fig, 6,1),  The electrodes (shown diagrammatically on 

the extreme top left are connected to the temperature-scanning uniselector and 

current loop (described later) and one lead froa each electrode is taken to the 

patch panel.  This has leads fitted with stacking plugs to allow parallel 

connection (any plug will fit into the top of any other); at present, electrode 

pairs are each connected to one loading and measuring channel by linking X11 to 

X1) and X12 to X14. 

This links the electrode pairs to a level on one of two 25-way 11-level 

uniselectors (USA and USB) which, on the first five positions, step through five 

load resistors (R6 - R10) repeated on all 18 channels.  At this stage the groups 

of relays (A and B) are not energised and a galvanometer in the 25-channel recorder, 

connected as a voltmeter, is connected across the electrode pair.  As in Pig, 6.2a, 

a shunt resistor (R4 plus R5) is provided, also a series resistor selected from the 

chain P.1-3 by a range switch.  The diodes across the galvanometer have a high 

resistance at 0.1 V, but would shunt the galvanometer and protect it under overload. 

On their sixth step the uniselectors disconnect all loads so that open circuit 

voltage is recorded in all channels. 

Thus for each electrode pair the voltage at various known loads is recorded, 

the current in each load can be calculated and the V-I characteristic derived. 

6.2.2 Probe voltages 

The probe pairs outside the main duct are connected to galvanometers in the 

6-channel recorder with range resistors and shunts as in Pig, 6,2a,  The open 

circuit voltage is monitored continuously in this way; no loads are connected to 

the probes, 

6.2.3 Hall effect 

On the seventh and eighth steps the electrodes of each pair are shorted to 

each other.  Alternatively, by moving flying leads, any of the load resistors can 

be oonrected in at this stage.  On the seventh step, the B group of relays come 

in and transfer one side of the galvanometer-as-vol'^meter to earth, so that the 

voltage to earth is recorded.  On the eighth step the A group of relays is also 

brought in and reconnects the galvanometers as ammeters,  Ri*. becomes the shunt 

shown in Pig. 6,2b, but for heavier current R5 can be reconnscted via a 39 and a 

10 ohm resistor to pick up l/5 of the voltage across Ri«-, 
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6.2.4 Cycling arrang.eaenta 

All the uniselactors in this system are driven from a transistor multivibrator 

which switches a power transistor via an intermediate transistor.  A ^astsr switch 

transfers the current pulses to temperature scan, leakage scan (described below) 

or power scan.  The temperature scan uniselector is started by a press button and 

then cycles to its homing position and stops«  The leakage scan (USE), which has 

single ended wipers, is started by pressing a button and cycles through 4fi 

positions; on its «f9th step it starts USE, which cycles through 49 positions and 

on the 50th step pulses USD so that both r-each a homing position.  From the load 

scan during the power run (already described) USA and USB are started by pressing 

a button and scan through the eight positions three times over before stopping on 

a homing position.  These uniselectors can be run continuously by ^losing a switch. 

6.2.5 Cesium injection 

At the start of cesium injection a button is pressed which energises RL2, 

giving event marks on both ultraviolet recorders and on a recorder used for 

arrival of cesium at the lower end of the heat exchanger.  This also gives a 

common point in time on all three charts. 

6.2.6 Cesium flow 

The optical transmission of the cesium vapour at the heat exchanger sxtt is 

monitored by a simple circuit.  The large window at this part i« Hacked out and 

use is made of the two small windows in line with each other.  A 150 W bulb is 

placed outside one, while the other carries a photocell.  An OOP 71 phototransistor 

was found unacceptable owing to dark current drift.  Next a CdS cell (NSI/-33 by 

National semiconductors of Canada) was tried.  This is a specially stable type  for 

measurement, but its response to falling intensity is slow and it is being areplaced 

by type 56-P.  The cell is connected in a bridge circuit energised by a 1»5 V cell 

and the output taken to a 10 mV recorder.  Ranges of sensitivity can be provided 

by adding resistors in series with the battery. 

6.2.7 Oalvanometer switching 

All the recorder galvanometers are liable to be used for power measurements, 

and panel switches are fitted to direct galvanometers for use in ocher tests, either 

with only a shunt resistor (SJX, S4X) or as a fixed range voltmeter (SIX, S2X), 

These switches are only fitted to a few channels; they could be incorporated in the 

master switch. 
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6»2,8 Duct Leakages 

The electrical leakage of the insulating material of the duct is important 

and, to take all necessary measurements in the shortest time, a galvanometer ii? 

used in a conventional ohmmeter circuit (Fig. 6.2c).  R is given switched valaes 

of 10,100, 3500 and 100,000 ohms, while the output leads are switched via 

uniselectors USD and USE.  The readings obtained are on a non-linear scale, and 

it is intended to fit a variable shunt on the galvanometer to set FSD, and to 

produce a calibrated scale in transparent plastic for reading resistance values 

directly off the chart.  When this system is in use, a mask is used to black out 

all other galvanometer beams, except one used for registering uniselector drive 

pulses, which are picked up by a mutual inductor T1.  At first an 18V battery was 

used, but the results did not correspond with Avo readings across the same pointsj 

is was pointed out that plasma breakdown was occurring.  Accordingly, the battery 

voltage was changed to 1 ,5 V and a more sensitive galvanometer used. 

6.2.9 Plasma passive electrical characteristics 

Using the same uniselector switching, 110 V a.c. can be applied through a 

1 kilhom series resistor; voltage and current are displayed on separate galvanometers. 

This method gives a very indirect picture of the actual V-I uurve, ojid it is 

intended to substitute a low-impedance sawtooth generator for the 110 V supply. 

If current is monitored on the recorder the linear voltage rise will make the time 

axis of the chart correspond to a voltage axis. 

6.2.10 Electrode resistance 

Each of the 36 electrodes consists of a U-shaped loop, and provision is madb 

for connecting both ends of each loop to the rig.  When the master switch is set 

to 'Tasperature1 contacts are closed on a bank of relays which pass a current of 

about 1A through all the loops in service and also through a 0,2 omi  calibrating 

resistor.  Pressing the 'Temperature Start* button causes a uniselector to scan 

the voltages across all the loops, connecting the upper electrodes in turn to on^ 

galvanometer and the lower electrodes to a second.  For such low resistances four- 

terminal connections would be preferable, but the arrangement gives some indication 

of temperature distribution by recording resistance changes. 

6.3  SPECTR0SC0PIC TECHNIQUES 

Spectroscopic methods of temperature sieasürement seem to be attractive in the 

range 1500 K to 2300 K.  Preliminary investigations into the spectrum obtained 

from cesium suggest that it may be possible to use cesium line reversal for 

measuring temperature in the duct.  Should this be feasible it is proposed to 

adopt the optical arrangement used by Hurle, Russe and Hall1 which enables the 
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stmultajieous emission and absorption of the spectra L lines to be determined using 

ft system of matched fitters and photomultipliers.  The temperature which will be 

measured will probably be the average electron temperature of the cesium plasma 

in the duct. 

Spectrograms of cesium from a standard discharge tube and a cesium-seeded 

flame have already been obtained and compared.  The temperature of the flame was 

about 1400 K which is below the level normally studied in the duct.  The spectrum 

showed three lines of interest:  one in the green and two in the blue at 4555 and 459>H. 

The intensity of the blue lines was much greater than that of the green, as expected 

from the cesium line intensities obtained by Schneider et al2.  In the next 

cesium-seeded operation of the MPD loop it is proposed to examine the duct plasma 

spectroscopically to assess the effects of impurities.  An axial view will be 

taken through the window in the head of the high temperature' heater. 

6 A  TEHFERATURE MSASURSMEm' DEVELOPMENT 

During the operation of the MPD system errors were being introduced in the 

-cmperature measurements due to losses in the thermocouples.  The losses were 

mainly attributed to conduction and radiation in the thermocouple, but some error 

was probably caused by thermocouple recovery in the high velocity gas stream. 

This recovery error was caused by the thermocouple being unable to follow the high 

frequency temperature changes in the ^s stream, the effect being to indicate a 

temperature between the static and total temperature,  A further error was caused 

by noise introduced in the thermocouple emf by the same fast temperature changes, 

but this may be eliminated by the use of suitable low pass filters. 

An Investigation was begun to find alternative methods of temperature 

measurement, or to develop new thermocouple techniques.  Two systems based on 

pulsed operation of thermocouples were studied.  The advantage of using a pulse 

system was that the thermocouple never reached temperatures where conduction and 

radiation losses become important.  This was brought about by either inserting 

and withdrawing the thermocouple from the hot gas at high rate, or by operation 

with alternate heating and cooling.  The disadvantages of using this type of 

thermocouple are less than for a conventional high temperature thermocouple, although 

the pulse thermocouple tends to read low with the rise in specific heat of ths 

thermocouple material and the recovery error affects the thermocouple in the same 

way as a conventional type. 

The first method (the 'intermittent' pulsed thermocouple3) was based on a 

standard thermocouple which was passed through a solenoid supplied with a 

rectangular waveform.  A solenoid supplied with a rectangular waveform vibrated 
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the thermocoupla so that it was no* iameraad in the hot gas long enough to reach 

the temperatures associated with high conduction and radiation losses.  The actual 

temperature was then derived from the heat transfer between the gas and the 

thenaocouple:  The physical sise of the system and the difficulty in determining 

the heat transfer data made it impractical for use in the MPD loop. 

The second system was made up from a chrome1-alumel thermocouple fitted into 

a coaxial tube through which the coolant flowed.  The cooling-heating cycle was 

controlled by a motorized CRJS and microswitch.  When the cooling was stopped, 

the thermocouple output rose exponentially (Fig, 6.3).  Cooling was applied before 

radiation and conduction losses became significant.  The exponential output was 

fed to a thermocouple amplifier and computer circuit which predicted the final 

temperature.  The limiting factor for the pulsed thermocouple was the signal-to- 

noise ratio of the thermocouple emf; when reduced to a certain level instabilities 

occur in the computer network, 

Wormser and Pfunter4 developed a practical system of pulse thermometry upon 

which the present study was based.  Wormser and Pfunter reported that their system 

was used to measure temperatures up to 2900 C in an oxy-hydrogen flame with an 

accuracy within 1?? of the theoretical temperature«.  The gas coolant flowed thrcagh 

a water-cooled jacket directly on to the thermocouple tip.  The construction 

originally proposed was modified in the present development to the arrangement 

shown in Fig. 6,4. 

This construction tended to increase the time constant of the thermocouplef 

creating a problem with the computer circuit components particularly when static 

gas temperatures were being measured. 

The computer circuit was composed of six Solatron Operational amplifiers 

(Fig, 6,5)«  The first amplifier,A1t  raised the thermocouple emf to a value 

suitable to operate the second amplifierfA2, which was connected as a differentiator. 

Amplifier Aj output had to have a large signal-to-noise ratio, as noise fed into 

A2 resulted in instabilities in this amplifier,  Aj differentiated the exponential 

rise and added the input, giving a steep output equal to the actual temperature. 

The theoretical evaluation of computer operation assumed that the thermocouple 

emf was of the form 

VT = V0 + VA (1 - e   r).  (6,1) 

immediately after cooling was stopped at time t = 0. 

T , TA and T_ (Fig, 6,6) were rep^asented by V., V and V_ respectivelyt 

where 
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V = the cooled thermocouple emf at t = 0, 

CO, 

V. = the final value of the exponential emf rise, 

V^, = the final thsrmoGouple eaf, i»e. V + V at t = 

t -- tins« from t ~ 0, and 

r s the thermocouple time constant, defined aa the time taken for the 

thermocouple exponential emf rise to reach 0.632 V , 

The transient response of the amplifier A2 resulted in an output 

dV 
y   = y zLL    + 
out '  in Rj     dt 

in 
I H4 !•••■ \bt2) 

Substitution of equation fö.l) into(5,2) gives 

d[vft+?4(i^    T)] 
out 

-Vrn 
v0 + vÄ(i-    T) 

Rx        dt 
C^ R^ •■•■• tb.3i 

Solving: 

out 
y E*. + y ^i. 
¥0 R3 + VA R, A Rt AT 

••••• (6,4) 

It was arranged that: 

1^ = 1 (6.5) 

and C^ = T (6.6) 

Therefore -VT -t/T 
Vout=V0+VA-VAe +VA9 (6.7) 

out   0   A (6.8) 

This was the output of amplifier A3 and was equal to the thermocouple output at 

t = CO 

-V. 
0   A 

Equation (6,1) stated  VT = Vn + y^ (1 - e  T) 

Let t = 00, then \-y0* \ (1 -.") 

TT ' T0 + TA 
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This signal, in terms of voltages, was fed into the input of the third 

amplifier Aj.  A large capacitor, C7t m^s  placed across the input and charged up 

by amplifier Aj to i v,   ge (V + VA)»  ^t tb.e end of the heating cycle the 

circuit between asiplifiGrs A^ and A3 was broken by RI»i/2 with this volta««? still 

across C2.  This voltage was retained at the input of amplifier A3 by having a 

large resistance, R5, in series with the first grid of the amplifier so making the 

discharge time of C^ large, 

Dick5 and MeKensie6 stated that T was dependent on the physical size of the 

thermocouple, the velocity or flow rate of the hot gas, and the magnitude of the 

step increase a thermocouple was responding to.  The effect of I^C, being larger 

or smaller than T, equation 6,6, was to give an output at amplifier A2 larger or 

smaller than V- + V.. 0   A This error tended towards V. + V with time (Fig. 6.7)» 

To enable the R^ value to be changed and the R4 = R3 relationship, equation 6.5, 

to be maintained, two 'ganged' variable potentiometers were used.  To obtain the 

optimum conditions automatically, the output of aiLplifier A2 was differentiated by 

amplifier A4,  The second differential of the thermocouple emf gave the rate of 

change of the slope and so the change in r. 

For amplifier A4, out 
dV< 

dt C,R 3a8 

where V...J. »as given by equation 6*4 and R4 = Rj out 

V   = -~ 
out dt 

-V 
V0 + VA " VA 9 

T
 (4 . ClRi ) 

r 
CJRJ 

out 
SxJk -V 

VA8 
r (1 - 

C,R 

When 0^4 > r. 
out   A 

O1R4 < r. V . < V4 out   A 

C1R4 m Tt V . = 0 
out 

The output of amplifier A4 was fed to a servo-amplifier unit A*  which drove 

the two variable potentiometers R3  and R4 to a position where R3 = R4 and C1R4=r. 

Under these conditions the second differential of the thermocouple emf was zero. 

By a system of relays (Fig. 6.8) this operation was timed to take place during the 

cooling cycle, as movement of R3 and R4 during the heating cycle introduced 

instabilities.  The servo-amplifier unit A6 introduced a great deal of noise into 

the system and so an integrator A5 was connected between amplifiers A4 and Ag. 
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Amplifier A, was auitably switched to operate during the heating cycle. 

Up to the present time, only amplifiers A, , A, and A3 have been successfully 

used *s it has not been possible to eliminate all the instabilities in amplifiers 

A4, A5 and A6,  The circuit used was sufficient to measure temperatures when T 

did not change rapidly and this was done, although some inaccuracy probably occurrea. 

Two sizes of thermocouple were investigated (Pig. ^.9)] the larger is 0,062 in. 

diameter mineral insulated wire type and the smaller a 0*01+  in. diameter mineral 

insulated wire type. 

Under static gas conditions, r varied considerably with temperature, Fig.6»10. 

The value at T was large for the 0.062 in. thermocouple, i.e. » 0.110 sec at 

500 C.  This large value of T required large 0^4 values for amplifier A2.  The 

type of amplifier used was not suited for very large component values such as these. 

With a value of R4 > 5 Mohm, without noise, the amplifier was unstable, and even 

with this value a large CA  was required i.e. 22/iP which created overloading problems 

in the amplifiers.  The system was calibrated up to 600 C, using manual adjustment 

for T =0^4 conditions.  The repeatability was good, but the instabilities in 

amplifier Aj created oscillation about the V + V. output, making accurate calibration 

difficult. 

The use of the 0.04. in. thermocouple reduced r by a factor of two at 500oC, 

and at 800 C T was approximately 20 sec. 

Prom Pig. 6.10 it was seen that T fell with increasing temperature and from 

this trend the required C1R4 should be of realistic values at temperatures above 

1000OC. 

Only preliminary tests have been carried out with flowing gas to deteriiilne the 

magnitude of r.  Using an ordinary gas torch, T was 50 sec at 500OC and 12 sec at 

1100 C (Pig. 6.1l) lur the 0.062 in. thermocouple.  Again it was assumed that as 

the temperature rose above 1000 C the value of r would reduce even further.  This 

reduction of r and C^I^ would give increased stability and reduce the tendency for 

amplifier A2 to overload. 

A more stablo system should be developed, perhaps by using servo-differentiators 

is they were found to have any advantages.  It is proposed to extend the range of 

measurement to at least 2000 C under flow conditions, and also with static gas if 

feasible.  The high value of r was still troublesome and therefore a new design 

of coolant tube, to reduce r, is to be considered; with this reduction in r 

achieved, the instabilities in amplifier A2 would probably be eliminated.  The 

feasibility of using one computer system for several thermocouples is also to be 

studied. 
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CHAPTER 2 

FUTURS PROGRAMMK 

by 

B.C. Llndley 

As intimeted in th« previoua Technical Summary Report (IRD 64-36), a 

continuing two-year programme of research is envisaged, following the successful 

technological development which led to the first cesium-seeded operation in 

March 1964.  Much of the value of the data obtainable in subsequent operations 

depends upon ability to obtain the fl w parameters with reliable accuracy and to 

eliminate the leakage currents due to electrically-conducting layers on the MFD 

duct walls.  Convenience of operation of the facility will depend on success in 

developing methods of separating cesium from helium, a problem which is important 

in a number of practical conoepts of MPD generator. 

Details of the range of parameters over which data on plasma behaviour and 

MFD power extraction are to be obtained were given in Section 1 .2 of IRD 64-56. 

A somewhat greater emphasis will be placed on electrode processes since it is 

believed that these represent an ultimate limitation on specific power: current 

densities measured to dite have been up to a few hundred amj/m2 and in large-scale 

systems two orders of magnitude increase may be necessary. 
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CHAPTSR 8 

HICROWAVB arUDIES OF NON-SQUILIBRIÜM PIASMA 

by 

J.H. Harris and D. Balfo.jr 

8.1      GSNSRAL 

The microwave cavity experimert was originally suggested as a means of 

studying photoionisation and recombination in cesium and cesium-helium mixtures 

in relation to the possibility of increasing the efficiency of MPD generators by 

using ultra violet radiation to induce non-equilibrium Ionisation.  This remains 

the long-term objective but in testing this experiment, in understanding the 

behaviour of the microwave bridge and in calibrating the response of the bridge it 

was advantageous to use electrical discharge pulses to create the Ionisation, 

using a discharge tube it was possible to out off the electric field in a few 

microseconds and then study the loss processes occurring in the afterglow of the 

discharge. 

The information which this experiment can yield on the decay processes in 

cesium-helium mixtures is of very great importance to MPD generation in that the 

degree of Ionisation, and hence the electrical conductivity attainable in an MHD 

generator under non equilibrium conditions, is limited by the rate of loss of 

ionisation.  The loss processes include diffusion, recombination and attachment. 

The diffusion luss may be small in a generator, and, while attachment to cesium 

fmd helium may be negligible, attachment to impurity atoms may be significant. 

A small quantity of oxygen for example could make attachment the dominant loss 

mechanism.  Most theoretical papers on generator performance have considered 

recombination as the only loss process and in particular have used values of 

recombination coefficient of ** KT11 m3/ion sec appropriate to a three-body process. 

However, at lower temperature, dissociative recombination may be more important and 

the value of 10** om'/ion sec measured by Biondi and Brown1 was ascribed to this 

process.  The uncertainty of the recombination mechanism and the very sensitive 

dependence of three-body recombination on temperature call for aocurate measurementa 

of the recombination coefficient. 

All of these loss processes can be studied in the existing experiment.  So 

far the pressure and degree of ionisation have showp diffusion to be the essential 

loss process; measurements have been made of the mobility of oesium ions in cesium 

vapour.  The ionisation and pressure can be adjusted to enable recombination to 
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I)« mor« important and the measurement of recombination of cesium will be the next 

stage in the experiaental programme.      A further stage will be the introduction of 

impurities to measure attachment probabilities. 

8.2 aiCRCWrAVg BRID&K 

The previous Technical Summary Reports QRI7 63-1 and 64-36) describe how a 

steel cavity was designed and constructed to operate in the TM020 mode at a 

resonant frequency of approximately 9000 mc/sec with a quartz tube inserted along 

its axis*  The cavity was incorporated in a microwave bridge circuit (Pig. 8.1) 

or frequency discriminator, where a change in resonant frequency of the cavity 

results in an out-of-balance signal. 

Tests on this bridge were made ualn" the ionization produced in an electrical 

discharge in air between tungsten electrodes seeled in the ends of the plasma tube. 

The first type of discharge to be used was produced by half-wave rectified 

alternating high voltage supply.  This gave results of the type illustrated in 

Pig, 8.2 where the top trace shows part of one cycle ol the current flowing through 

the discharge tube, and the bottom truce gives the out-of-balance signal.  A square- 

wave modulation of 10CCc/sec was applied to the klystron signal in this early set 

of measurements and both traces are displayed with time plotted horizontally.  T^* 

interesting feature of Pig. 8.2 is that over th • region wheiü the c vent is 

increasing, the bridge signal first grows rapidly, passes through a maximum and then 

slowly deer'»as es. 

8.3 BRIDGB THBORY AMD CALIBRATION 

A theory of the action of the bridge (Pig. 8.1) was developed to explain these 

features, where the bridge has been adjusted initially so that in eirm A the signal 

C reflected from the cavity leads the signal P reflected from the short-circuit 

plunger by 90 but in an B the signal C lags 90° behind the signal P.  This is 

illustrated in Pig. 8,3. 

Bridge out of balance signal = B? - A2, since square law detectors are used, 

» icFC'sin t4 

where C is the signal reflected from the cavity and t$  is the shift in phase of 

the reflected signal when free electrons are present in the plasma tube. 

If Y is the voltage amplitude falling on the cavity and S is the V3WR 

of the cavity, then 

Bridge signal = 4FV (|~) sin ty   (8.1) 

The reactance, Z, of the cavity is given by 

X = 2QUR^  (8.2) 
o 
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whore R ia ti» cavity resistance, 

Q is the union led selectivity of the cavity, 

and Af is the shi  of frequency from the resonant freq' moy f . 

With a new quarts plasma tube inserted in the ß^vity^the precision attenuator and 

8lott*id-£uide standing wave indicator were used to obtain values of S over a range 

of frequencies with the results shown in Fig. 8.4.  The graph yields the following valuwe: 

VSIR at resonance       =0,50 
I 

loaded selectivity (Q.)  = 5700 

unloaded selectivity (Q ) - 8000 and 

coupling factor (ß) = 0,k0 

The value of S at resonance specified the impedance contour to be used on 
i 

a Smith Chart.  A value of Af was chosen and substituted in equation (8,2) to 
i 

obtain the corresponding X value.  The Intersection of this value of X with the 

impedance contour gives th? corresponding values of both A$ and S to be substituted 

in equation (8,1} to calculate the bridge signal.  This procedure is illustrated 

in ?ig. 8.3«  Results were compared with two independent sets of experimental 

results«  One method involved keeping the klystron frequency constant aal varying 

the resonant frequency of the cavity by varying its diameter (through change of 

temperature ever a range of 400C).  This gave the results shown in Pig. 8.6.  In 

the other method the resonant frequency of the cavity was kept constant and the 

klystron frequency was varied; this gave an identical set of results.  Pig. 8,6 

shows the agreement between the theoretical and experimental results.  The 

variation of out-of-balance signal with frequency shift is called the calibration 

curve. 

In some experimental oases, the calibration curve was observed to be 

asymmetrical.  This may possibly have been due to inaccurate setting of the short 

circuit plunger, and to check on this, the effect on the theoretical curve of an 

inaccuracy of setting of 1mm was evaluated by modifying equation (8.1) to become: 

Bridge signal = APV (~|) sin (ä^-KI)  (8.3) 

where a is the phase change introduced by a plunger movement of 1 mm«  The 

resulting calibration curve is shown in Pig« 8«7« 

The decay of ioniiation on suddenly removing the voltage applied to an 

electrical discharge in air was recorded using different sections of the 

calibration curve.  The bottom trace of Pig. 8.8 shows a plasma decay taking the 

cavity over the range A to D, Pig. 8,8b from B to S and Pig« 8«8o from C to P 

(for the significance of the letters. A, B, C, D, B and P, see Pig. 6«9)«  In each 
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oase the top '".reoe shows the current through tb« discharge.  Fig. 8.10 shows the 

eleetron COXKentration decevy curves calculated from ?igs. 8.8a, b,o and since 

these exhibit the saoe fona the interpretation of tho calibration curve was 

considered valid« 

8.4 IDlOTinCATION 0? TMQ^Q MODS 

It «ras observed experimentally that on inserting the plasma tube through 

the cavity the frequency of the TM020 mode was shifted by 800 Mc/s and that with 

the tube in position this resonance was within 60 Mc/s of another mode (see IRD 

64-36 Fig. 16,1).  Initially there was difficulty in identifying the TM020 «oS** 

Inconclusive attempts to distinguish the TM020 mode were made firstly by heating 

the oavity and secondly by introducing shims to increase the cavity length, but 

the resonant frequencies of both modes were independent of the length of the cavity. 

Howerer, by inserting a steel wire along the axis of the cavity one mode exhibited 

a continuous decrease in Q value as the wire was introduced and finally disappeared 

completely, whereas the other mode was unaffected.  The affected mode was the TU0ic 

with its strong axial electric field. 

8.5 MCTRON CONCBmATION MKASPRSMENTS IN ARGON AFTfiR&LOW 

Having established the working charactsristics of the bridge and its ability 

to follow a rapid decay in electron concentration, attention was turned toward 

decay conditions in argon to obtain a comparison with results reported by other 

workers.  The air in the discharge tube was replaced with commercial cylinder 

argon and the decay of iomsation on suddenly removing the applied voltage was 

recorded over a ran^e of argon pressures. 

Fig. 8.11 shews a typical oscilloscope trace, where the argon pressure was 

2.7 torr: the graticule squares each represent 20 jiseo on the horizontal time 

scale.  The top trace shows the bridge signal, line 1 gives the level of the 

upper turning point of the calibration curve and line 2 gives the lower turning 

point; the balance point of the bridge in this trace was on the lower turning 

point.  The variation of electron concentration with time calculated from Fig.8.11 

is shown in Fig. 8.12 (th<i calculation made to obtain electron concentration from 

frequency shift assumes that the collision frequency is small compared with the 

radian frequency of the applied signal). 

Electron loss processes in the decaying plasma are ambipolar diffusion, 

ion-electron recombination arid eleotron attachment, and the loss rate may be 

written CM 
dn 
■— « D ?* n   - an 2 - hi;, n .,... (8.4) 
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where n la the electron concentration, 

D is the anbipolar diffusion coefficient, 

a la the recombination coefficient, 

h is the attachnent coefficient, and 

» is the («leotron collision frequency, 

A study of aquation (8.4) shows that the diffusion and attachoent procasfea 

yield an sxponantlal decay of electron concentration with time, but the recoabination 

prcoeas leads to a linear relationship between th* inverse of electron concentration 

and time. 

In fig. 3,13 the logarithm of frequency shift is plotted against tlm».  8inoe 

frequency shift is proportional to electron oonoentration tl a itralfbt Una form of 

these curves indicates that1as an electron loas process,recombination is negligible 

at the gas pressure sod electron concentration used in the present axperiaenta. 

furthazvore, the rate of loss of eleotrcns varies approximately as the iBTarsa of 

the gas pressure and this suggests that the loss process is essentially diffusions 

the pressure dependence of an attachment process would be either linear in the case 

of a two-body mechanism or quadratic in a three-body mechanism»  A theeretioal 

treatment of ambipolar diffusion leads to tho following expressions for the ambipolor 

diffusion coefficient C^ and the reduced mobility u0  (reduced to RCP) 

B%.4_.( j-j^jr)1   ~   (for firat order diffusion)    .....(8.5) 

4.17 K 10* 
1 + Ta r*   r V^olt sao (8.6) 

where r la the radius of the discharge tube, 

p is the gaa pressure in torr, 

A is the characteristic diffusion length of the plasma enoloaure, 

r la the time constant of the electron concentration decay, and 

T is the gaa temperature and T the eleotron temperature. 

In the results qucted hern, the electron temperature waa assumed to be equal 

to the gaa temperature.  When the applied roltege la removed the electron temperature 

la likely to be much larger than tl;a gaa tsmperature but it has bean estimated that 

thermal equilibrium will be approached in a period of approximately 50 jisec.  The 

sere cf time in Figs. 8.11, 8.12 and 8.13 correspond to at least 50 psae after tha 

remoTal of the ionising voltage. 
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Biondi and Brown ha1»« shown that for amblpolar diffusion under oonditiona of 

thermal »quilibrluic p C = oonataat, where p is the pressure reduced to normal 

temp era tui'-s«  Values of |i and p D for argon over the range of pressures studie 

were calculated from the curves of fig. 8.13 and are given is the following table. 

P» *orr 0»1    1.5   2.7   6*0   8,2   10 

It^r, omVyolt-seo 

p   D , torr ciEa/8ee 

7.9   9.4   4.9   6,i*.   7.3   8.3 

350   420    220   280    350    370 

The values of p and D are sufficiently constant to be consistent with electron 
*o    a 

loss duo to rjjbipoiar diffusion as deduced independently from the variation of the loss 

rate with pressure.  The values of n    shown in the above table cure higher by a 

facto« of at least 2 than thr values reported by Biondi and Chanin2.  However, the 

ispurity in the argon in these experiments may have been appreciable.  Higher values 

of electron concentration are required before recombination becomes the dominant 

process. 

8.6    sxmm iQksmiMSws IN CBSIüM ygaafil 

The decay process in cesium vapour was studied in the same way as for argon. 

The electrical discharge tube was connected to a cesiuv-capsule container and bath, 

pumped down to a very low pressure, sealer' ff and enclosed in o/ens.  The capsule 

was broken; the plasma tube, connecting line and cavity were raised to a constant 

temperature in the region of 700 K^and the cesium vapour pressure was controlled 

a&d estimated using the temperature of the cesium bath.  High Toltßge pulses were 

applied tc the cesium vapour and cut off sharply using the method described in the 

previous report (IBE 64-36). 

The initial experiments were aimed at studying the effect of the power of 

the probing signal en the decay j.f electron concentration, since the microwave signal 

might tend to heat the eleccrons.*  The effect of varying the length of the ionisatien 

pulse so that uniform breakdown might be produced in the discharge tube was also 

studied. 

8.6.1 Infect of varying microwave power 

Decay curves were recorded first with the full klystron power (approximately 

0.15 watt) «upplitJ to the bridge, then with 6 db attenuation between klystron end 

bridge,and finally with 13 db inserted.  The trace with 5 db inserted is ^hown in 

Z'xg.  8.14 together with starting level, tap and bottäm levels of the calibration 

curve and the discharge current trace. 
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The graphs of the logarithm of resonant frequency shift of the cavity against 

time are given in Fig* 6.15«  The relative displaoe&ents of the parallel lines are 

due only to different times of triggering and the straight line form shows that the 

process responsible for decay of electron concentration is ambipolar diffusion* 

The graphs also show a diffusion rate independent of power level. 

The effect of introducing large microwave power into the discharge would be 

to raise tba electron temperature and since 

D « V  (8-7) 
1 + ^e 

T 
8 

the ambipolar diffusion coefficient would be correspondingly affected.  The 

measurements indicate that for the values of microwave power used in tue experiments 

the heating of the electrons was not significant.  However, under ccuditions where 

recombination is the dominant loss process the dependence on electros temperature 

may be much more sensitive.  Under these circumstances a further check on the effect 

of microwave power will be necessary. 

8.6.2 Bffect of varying the length of the ionination pulse 

Various authors have reported that the rate of loss of electrons from afterglows 

is dependent on the duration of t' * ionising pulse.  In certain oases where the 

ionization pulse ^a  short the distribution of Ionisation in the discharge tube is 

inhomogeneous; Oskam and Mittelstadt3, for example, have reported asymmetrical light 

distribution for Ionisation pulses shorter than 15 yseo.  Where the Ionisation is 

limited to a filament within the discharge tube the assumption that the ionization 

fillft the discharge tube will lead to overestimates of diffusion coefficients and of 

recombination coefficients.  By increasing the width of  i ionization pulse a more 

uniform distribution of the Ionisation can be achieved and more reliable values of 

diffusion and reccmbination coefficients can be deduced. 

An experiment was carried out to make certain that the results deduced from the 

afterglow measurements were not affected by the duration of the Ionisation pulse* 

Cssi'-ü vapour was contained in the discharge tube at $00 K and 0.6 torr as determined 

by the temperature of the vapour bath*  The duration of the Ionisation pulse was 

vfvried between 100 and 300 ^sec and for each case the decay in electron concentration 

after cutting off the ionizing pulse was monitored by recoiling the out-of-balance 

signal of the microwave bridge* 

As in the earlier experiments the electron loss process was dominated by 

ambipolar diffusion and since the frequency shift of the cavity due to Ionisation in 

the discharge tube is proportional to electron concjntration a linear dependence was 
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found between the logarithm of the frequency shift and time (Fig. 8.16),  Points 

are shown for the two extreme values of ioniaation pulse width and, within 

experimental errcr, all points can be related to the same straight line. 

The conclusion from this experimental result is that ioniaation pulses of 

only 100 ^isec are  sufficient to produce homogeneous breakdown, 

8.7  CESIUM ION MOBILITY 

The mobility cf the cesium atoms can be deduced from the measured diffusion 

coefficient.  The Binstein relationship between the mobility and diffusion 

coefficients of a particle can be written as 

jhlfl   (8-8) 
where p is the mobility of the particle 

D is the diffusion coefficient of  the particle 

T is the temperature of the pcrticles 

e is the electronic charge and 

k is Boltsmann's constant 

For ions: 

_+   e 
..... \8«7 j 

and the ion diffusion coefficient D+ can be expressed in terms of the ampxbolar 

dlffusio» coefficient, D , by the equation 

T 
D - P (1 + s2 ) ,  (8.10) 

+ 

where T and T are the electron and ion temperatures. 

Hence D 
e     e. 

^ s kT       T 

+ 

 (Ö.11) 

In practice, mobilities aro reduced to normal temperature and pressure so 

that the reduced mobility M0 ^
8 given by 

M o  kT r'-V  7^0-P  (8-12) 

* i** g 

where p is the gas pressure in tcrr and T is the gas temperature. 
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To deduce the aabipolar diffusion coefficient the diffusion equation must be 

solved for the cylindrical geometry of the discharge tube. 

ff - - dlT (n.) 

= D V2n 
a 

..... (8.13) 

If the electron concentration decays with a time constant r, then 

n i 
o 

written as 

n ■ n e *T 

where n is the initial electron concentration, and the diffusion equation can be 

o  D r 
  (8.14) 

For a cylinder of radius r and height h a solution of this equation is 

a   a 

n(r,s,t) = 2  2 &4 4 JA C*-!» 
r) oos 

i«1 ^=1 iJ 0  i 

(^ -1/ ^Z ezp 
ij-1 

with Vu   ai   L  h  J 
,th 

where titT   is the i  root of the Bessel function J .  Assuming that the first 
lo o 

diffusion mode dominates the loss process, then i = j = o and 

D T  v r   ;   h7 

For the discharge used in the experiment h » r so that, assuming that the ion 

temperature T is equal to the gas temperature T , the reduced mobility can be 

written as 

^WTfcdOi     i^    {^__f    i   mth<il%B„  (t#15) 

1 + =Ä    « 
T 

& 

Fron the slopes of the log Af rt plots, values of l/r were deduced for the 

experiments described earlier in which the microwave power was varied and in which 

the width of the Ionisation pulse was changed.  The calculated values of p deduced 

from these results are given below. 

Tm—ST p, torr T , K 

Experiment 1   1.1 

Experiment 2   0.6 

630 

600 

-, sec*1 

460 x 103 

4.84x 103 

u  , enVvolt >eo 

0.26 

0.17 
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BÄrlier meaaurementa of the mobili"ty of oeaium iona in cesium vapour are aa 

followa. 

ion fi  . caP/rolt  sec Method 

Dandurand and Holt4 C82 + 0.065 Diffusion : microwave cavity 

Chen and Eaethar9 Ca+ 0.4(reTJ.sed to 0.2) Diffusion r microwave transmission 
(assumes Blancs Law for mobility 
in mixtures) 

Chanin and Steen* CBa + 0.21 Time of flight 

Ca+ 0.075 

The ,Talue8 of reduced mobility determined in the present experiment are close 

to the revised value of Chen and Raether and the faster ion detected by Chanin and 

Steen*  There is no experimental evidence whereby the ions dominating the diffusion 

losa in the present experiment may be identified but the values measured are close 

to the theoretical value of 0.2 deduced by Chanin and Steen from the Langevin 

classical theory of mobility for Csj . 

It is interesting to note that Oskam and Mittelstadt3 measured values of 

mobility for wire gas iona in the parent gas which increased witn increaeing 

pressure before reaching a constant value at pressures above a few torr; this low 

pressure behaviour was explained in terou of diffusion cooling.  A similar 

behaviour might be expected in cesium vapour and so it is proposed to measure y 

as a function of pressure in the near future« 

Brown7 has shown that in a d.c. electric field the mobility of an ion can 

be written as 

e 
H  = m. v 

i m 
..... (8.16) 

where m. is the mass of the ion and v is the frequency of collision for momentum 

transfer. 

M m y  (1 - OOBB) 
m   o  (8.17) 

where v    is the collision frequency and 1 - cos $  is averaged over all values of 

6,  the angle through which a particle is scattered with respect to the electric 

field direction. 

The total collision cross section for the ion may be expressed in terms of 

the collision frequency as 
*&. 

Q = ^13?/  m. 
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w    1   9 1 
= (flvtv ' ' "^Z '  ZZZmZ ••... (8.18) '8k5Pm ' um +        *        1 - cosö 

T 
3 Co j.nc/ ' 7 VP '    f  (o*19) 

+ 1 + S1 

An accurate assessvent of 1 - cosß    is difficult to determine but if the 

value 1 be used then a lower limit of 500 x 10"10 m*  ia obtained for the total 

cross section for scattering of cesium ions by cesium atoms» 

8.8  DIFFUSION. BSC0MBIMTI0N AND ATTACHMENT 

In all of the experiments reported, the loss of electrons in the afterglow 

has been due to ambipolar diffusion*  To measure recombination coefficients it 

will be necessary to modify conditions so that the rate of volume recombination 

becomes greater than the rate of diffusion loss*  Gray and Karr*, using a TMoio 

microwave cavity, have studied the decay of ionization in which diffusion and 

volume recombination are  th significant«  They define a parameter which is the 

ratio of the initial volume recombination rate in the absence of diffusion to the 

rate of diffusion in the fundamental mode, and for reliable estimates of recombination 

to be deduced from ■" vt plots they have shown that 

ß > 15 

• VCt0) 
where ß fi   a(t) 

and A is the characteristic diffusion length (A = 2,405 for the discharge tube used 

in the present experiment). 

Tbus it may be possible in the present apparatus to measure loss due to 

volume recombination by increasing the electron concentration and by working at 

higher pressures where D is smaller (because p D ■ constant).  Some increase in 

electron concentration can be achieved by decreasing the value of the current 

limiting resistor and the cesium vapour pressure can be increased to about 10 torr 

in the present apparatus.  The diffusion loss could also be reduced by applying a 

longitudinal magnetic field ar.d the dimensions of the tube could be increased if 

necessary.  Thus, by choosing suitable conditions it should be possible to enable 

recombination coefficients to be measured in pure cesium.  Subsequently the 

recombination processes occurring in cesium-helium mixtures will bo studied and, by 

introducing impurities into the plasma tube, it will also be possible to evaluate 

attachment coefficients. 
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The experiicent is inherently capable of studying all the loss processes that 

will limit the level of ioniEation and plasma electrical conductivity attainable 

in em MFD generator. 

8.9  PRELIMIMRY SXPERDCEWTAL STUDISS OF PHOTCIöNIZATIOK 

Fig. 8.1? shows a plasma tube with quarts end windows which was used to detect 

photoionlzation in cesium vapour produced by a mercury vapour lamp.  The cesium 

vapour pressure was determined by controlling the temperature cf the cesium bath 

and the plasma tube was heated to approximately 600 K.  The variation of electron 

density in the ces.^'-m vapour is shown in Fig. 8.18 for a vapour pressure of 

approximately 10 torr and with the lamp mounted so that an ultra violet beam was 

directed along the axis of the plasma tube.  The lamp was operated from 50 c/s 

mains sur ly and the electron density reveals the anticipated 100 c/s variation 

superimposed or a much lower frequency which was due to a mechanical vibration. 

This lower frequency is also displayed in the absence of any illumination from the 

lamp. 

The microwave bridge was tuned to maximum sensitivity to record this 

photoionization and the maximum electron density detected was approximately 1C8 cm-3. 

The variation of peak electron concentration as a function of vapour pressure is 

shown in Fig. 8.19*  The difference between the results for heating and cooling is 
i 

due to a lag between the cesium vapour pressure variation and the bath temperature 

variation. 

These measurements are a satisfactory preliminary step in the study of 

photoionization but for measurements of photoionization cross section and for 

recombination a more powerful source of ultra violet radietion will be required» 
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CHAPTSR 9 

ATOl'IC BEAM EXPERIMENT 

by 

A.B.Jolly, T.Bell and D.Balfour 

9.1       GENERAL 

The objective of the atomic beam experiment is to measure the totsl collisicm 

crojs section of oesium atoms with helium and to extend these measurements Into 

the high temperature region (1500 K to 2000 K) relevant to the MPD power generation 

experiment.  Results at low temperatures have been described in earlier reports. 

To make measurements at nigher temperatures a Mi II apparatus was designed which 

incorporates high temperature heaters both on the atomic beam source and gas 

scattering chambers, has increased resolution due to its increased size, and is 

capable of being pumped down to lower base pressures.  This apparatus is now 

complete and during the last fcur months the initial vacucsr- troubles and cold spots 

have been overcome so that stable beams of atomic cesium are now produced regular!', 

with an automatic temperature control of i 0.5 C on the source.  By varying the 

temperature of the nozzle up to 1000 K the mean velocity of the atoms effusing from 

the r^zzle may be varied within the range 200 to 400 n/sec. 

To measure the intensity of the cesium, atomic beam hot wire detectors relying 

on surface ionization of the cesium atoms have been used.  Platinum, niobium and 

tungsten wires have been tested and different diameters of wire have been evaluated. 

In general the platinum and niobium detectors, owing to the greater pur;ty of these 

materials, give lower background current than tungsten and were used in the 

subsequent experimental programme. 

Electron bombardment was considered as a possible means of heating the source 

to temperatures in excess of 1000 K and tests were carried out but persistent 

breakdown of the high voltage lead«, at high temperature and irregular heating of 

the source chamber have impeded this development.  The alternative of using r.f. 

heating is being considered but meanwhile temperatures up to 1000 K are being 

achieved using only a 'Pyrotenax' heating coil. 

The Mk II apparatus is equipped with a moveable rack which can upport two 

detector filaments and using this facility a survey of beam profiles has been 

carried out enabling alignment and detactor size to be optimized.  The experience 

obtained in this way was then used in experiments to measure the total collision 
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cross section of cesiuo in  helium,  A conclusion from these experiasents is that 

the accuracy of results is limited by the base pressure obtainable m the 

aoattering chamber.  Outgassing from the scattering chamber may b* particularly 

disturbing when the chamber is heated to hign temperature and present work is 

directed towards eliminating this source of error. 

The initial measurement of the variation of cross section with ehe velocity 
- 2 

of the atomic beam produced the v  t trend that was anUcipeted for cesium atoms 

in air at 5 « 10"* torr.  However, on increasing the presjure of the scattering 

gaa, the results were not reproducible and a similar maasurement in helium 

suggested that the cross section was constant within the velocity range 200 to 

400 n/sec.  These problems are still under investigation and must be understood 

before extending the range of Cs-He cross section measurements t-1 higher 

temperatures. 

9.2  KXPSRIMSNTAL EQUIPMEWT 

9.2,1 General arrangement 

The Mk II atomic beam experiment is basically the same as the Hk I experiment 

which was described in the earlier Technical Summary Reports (Dd; 63-1 and 64-36) 

and consists of a vacuum chamber containing an atomic source with a slit from 

which the alkali atoma effuse as a beam, a scattering chamber with entrance and 

exit slits aligned so that the atomic beam can pass through the scattering gas and 

a hot-wire detector to measure the strength of the atomic beam after it has passed 

through the scattaring chamber.  The Mk II apparatus is an improvement on the 

Mk Ii it has improved resolving power due to the greater separation between source 

and detector, is capable of being pumped to lower base pressures, and can accommodate 

high temperature heaters both on the exit noszle of the source and on the 

scattering chamber, thereby enabling the cross-section measurements to be extended 

to much higher temperatures.  Fig. y.1 shows a general view of the apparatus with 

the source in the foreground, the gas bottles (above) connected to the scattering 

chamber and the differential screw for the detector mount at the far end. 

The general arrangement of the atomic beam oven and superheater is shown in 

Pig. 9.2.  A glass ampoule containing the alkali metal is housed in the flexible 

bellows and can be broken by compression of the bellows, allowing the alkali me+al 

to drop down into the reservoir.  The reservoir may be isolated from the main 

enclosure and from the nozzle by means of a stainless steel valve.  This 

facilitates removal .>f tha reservoir for cleaning and recharging without 

disturbing the vacuum condition existing in the main enclosure.  The reservoir, 

ampoule breaker and valve are attached to the end flange of the main enclosure. 
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the flange seal being effected by compression of either a Bilicone rubber 'O' 

ring or fine gold wire. 

The alkali vapo^ r preaaure is maintained above the liquid motal by 

controlling the temperature of the stainless steel reservoir which has large 

thermal capacity to counteract the smell variations in temperature due to 

fluctuations of the input current«  The vapour generated in the reservoir then 

passes to the nozzle through a 1 in. bore stainless steel baseable valve. 

9.2.2 Source 

A rectangular slit is cut vertically in the end of the nozsle and ha« 

dimensions cf 0.015 era x 0.5 cm.  Care was taken during the relding operation 

to ensure that *.he nozzle slit was not displaced from the axis of the main 

enclosure, 

A water cooled tube encircling the nozzle absorbs practically all of the 

radiated heat, thereby ensuring that the enclosure walls are kept at a reasonable 

temperature.  It also prevents oxides forming on the enclosure walla. 

The mean energy or velocity of the atoms effusing through the slit in tha 

nozzle is controlled by the temperature of the nozzle*  the beam intensity is 

deterrlned by the vapour pressure in the source chamber, i,e. by the temperature 

of the resarvoir. 

The number of molecules which emerge from the slit travelling in a solid 

angle d« at an angle 6  relative to the normal of the plane at the slit is 

dQ = ^  nv cosö Aa  (9.1) 

where n is number density of molecules, v is the mean molecular velocity in the 

source and A is the area of the slit, 
s 

9.2.3 Scattering chamber 

For measurements of scattering cross-section the scattering chamber (Pig. 9.3) is 

is aligned with the nozzle and detector, the slits of the scattering chamber 

defining the beam width.  The pressure in the chamber is maintained by adjusting 

the needle valve of the gas supply to balance the rate of loss through the slits. 

The scattering chamber consists of a stepped section (thermal choke) tantalum 

cylinder,having one end closed and the other end welded to a stainless ateel tube 

of 1.5 in. 0D (0,3?M- in. diameter).  Holes are drilled through the tantalum 

cylinder near the closed end to locate the tantalum slit mountings which are used 

for adjustment of the slit width. 

9.3 



A centrally mounted 0.25 in» bora thin-walled stainless steel tube is used 

for sampling the gas pressure, which is measured by an iomzation gauge.  Various 

speciroscopically pure inert gases may be introduced to the system from glass 

>wttl9? attached to a 5 litre gas reservoir.  The gas reservoir is thoroughly 

outgassed to attain a pressure of 10"8 torr before Introduction of the scattering 

gas.  The design also provides for the introduction of alkali metals so that 

scattering cross sections can ba obtained for alkali vapours and inert gas mixtures. 

9.2.4 Surface ionization detector 

A full description of the surface ionization detector was given in an earlier 

report (IRD 64-36), but for convenience, the diagram is again shown in Fig. 9.4. 

The principal parts of the detector are a thin filaaent heated to approximately 

1000 K, ensircied by an electrode having a slot cut in line with the filament for 

admission of tht beam.  The electiode is held at a potential of -50 volts with 

respect to the filament.  For a detector filament presenting an area A, to the 

beam at a distance r from the slit, the number of atoms intercepted per second is 

A AJ ,* s d    — 
det  4irr 

pA A, 

rz TSr 
- a  d 

= 1.12 x 1022  ? /u, atoa/sec          (9.2) 

where p is the vapour pressure in the source expressed in torr, M is the molecular 

weight in grams of the beam particles and T is the temperature of the nozzle. 

If every particle incident on the detector is registered as a unit charge 

then the maximum current attainable can be calculated.  Thus for cesium at 364 K 

and a corresponding vapour pressure of 3 x 10"4 torr "the maximum current acceptable 

in the Mk II apparatus by a niobium wire of 0.010 in. diameter is only 2 x lO'^amp. 

Neutral atoms colliding with the filament will normally be reflected, but 

under certain conditions may be re-evaporated as positive ions after a statistical 

time interval.  This so called 'residence time* is a function of the surface 

taaparature and work function of the filament material, and the ionization potential 

1 of the incident atoms.  The ratio of the number of re-evaporated ions n to the 

number of re-evaporated neutral atoms n is given by 

^ =  exp(^)   (9.3) 

where k is Boltzmanns constant (8.5 x 10'* eV/ K) and T is the surface temperature 

in K, It is therefore desirable that (^ - l) >> kT to ensure that virtually all 

neutral atooas  colliding with the detector filament are  re-evaporated and collected 



as an ion current. 

In general it is necessary to heat the filaaient to "-1000 K (-CI eV) for 

re-emission to take place, so that the work function of the filament mater:1-ii 

should exceed the Ionisation potential of the incident atoms by ^ 0,5 »V for 

efficient surface ionization detection.  Cesium has an ionization potential of 

3.9 eV so that any metal having a work "unction of > 4-.4 eV would be a possible 

filament material for a surface ionization detector.  The majority of such metals 

contain traces of alkali metals (usually sodium and potassium) which give 

troublesome background signals; niobium and platinum, however, give low background 

and noise levels even when heated to 1200 K.  Initially a tungsten filament was 

used but with limited success because of the presence of thorium oxides leading to 

high thermionic emission at the working temperature of approximately 1200 K.  For 

the detection of sodium (I = 5.13 «V), it is necessary to use oxygenized tungsten 

wire whose effective work function is raised to about 6 eV. 

Two detectors are provided in the equipment to compare variov T filament 

materials and to test the resolution of the apparatus.  These are mounted cijacent 

to each other on a vertical plate which may be accurately moved transversely across 

the axis of symmetry of the apparatus by means of a differential screw, sliding 

vacuum seals and a clock gauge (0.001 in«/division). 

Typical ion currents are 10'11 A; because of the high input impedance of the 

current amplifier (l016n) the collector insulation must exceed 1012fi if a potential 

of 1 mV is to be developed across a resistance of 100 MQ,  The use of a Vibron 

vibrating capacitor modulator in the ion current amplifier gives excellent sero 

stability (not more than 0,1 mV drift in 12 hr) coupled with high input impedance. 

Simplified diagrams of the collector and filament circuits are shown in Fi^, 9.5 

and 9.6 . 

9.3  EXPERIMENTAL RESULTS 

9»3«1 Beam profiles 

The movable detector mount in the Mk II apparatus has made it possible to 

study beam prcfile and the provision of two separate detectors enables different 

filament materials and wire diameters to be compared.  Typical beam profiles are 

shown in Fig. 9.7 where different materials and different diameters of filament 

were used in the detector.  The intensity scale has been cormalieed to illustrate 

the effect of resolution on the beam profile; the slight asymmetry is due to 

imperfect alignment of the collimator slits.  The ideal profile is shown for a 

detector of infinite resolving power.  As the diameter of the detector filament 

is decreased and hence the resolution increaseo the profile tends towards the ideal 
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shape» 

Pig. 9.8 shows profiles for an unattenuated beam and for a beam that has 

beer Attenuated by gas in the scattering chamber.  Collisions with gas molecules 

result in broadening and attenuation of the scattered intensity profile.  When 

the scattering chamber is evacuated the degree of broadening of the beam profile 

Ab is a measure of the scattering occurring with the residual gas within the 

vacuum enclosure»  For cross section determinations the value of Ab at half 

maximum intensity was not allowed to exceed two filatient difuneters and the 

detector position was adjusted to record the maximum intensity. 

9«3»2 Cross section measurements 

The method of mea?uring total collision cross sections using the present 

experimental arrangement has been described in earlier reports.  Essentially, the 

method consists of measuring the unattenuated beam intensity and then the attenuated 

intensity of the beam after it has passed through the scattering gas at known 

pressure and temperature.  If I and I are the intensities of the unattenuated and 

attenuated beams respectively then 

where the brackets imply a mean value, 1 is the effective scattering length and A 

ia the mean free path for a beam a torn in the scattering gas.  ?hen as shown by 

Ramsey1: 

In I = In 7. = - TT-T =  i q P  ..... (9,5) 
aAr g(Z) 

e 
where o  is the mean effective collision cross section, p is the gas pressure in 

dynes/cm2, k is the Boltzmann constant, T is the gas temperature in K and the 

values of g(Z) where Z = J^-    have been tabulated by Rosin and Rabi2 (T. is the 
TbMg b 

beam temperature, M, amd M are the masses of the beam and gas atoms respectively). 

In practice beam attenuation is measured for different values of scattering 

gas pressure and the cross section is then deduced from the slope of log I versus 

p plots.  Fig. 9«9 shows a plot of log I versus p for a cesium beam scattered by 

xenon for a beam temperature of 500 K.  In this experiment a niobium wire detector 

of 0.010 in. diameter was used with a resolution of ~- 1 minute of arc.  The value 

of collision cross section deduced from the slope of this graph is 2850 x 10"16 cm2. 

Later measurements of this cross section gave lower values similar to that obtained 

in the previous apparatus but for these the gas was less pure.  The result for 

cesium-xenon is likely to be realistic since the errors due to low angle scattering 

sure considerably less than for the case of cesium-helium (described below). 
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A aiad-lar coeasurement of the cesium-helium scattering cross section resulted 

in the linear plot of log I p shown in Fig. 9.10»  The value of collision cross 

section deduced from these results was 178 x  10"1S cm2 at a resolution of 0,9 

minutes of :c.      This compares with total collision cross section of 162 x  10'1öcm2 

measured by Roiin and Rabt2 using a resolution of 1 minute of arc.  However, 

previous measurements in the Mk I apparatus and also by Foner'at higher resolving 

powers yielded much larger values.  These results imply that the resolving power 

must be increased to yield a realistic value of total collision cross section. 

It is therefore intended to repeat the experiments using detector wires of smaller 

diameter. 

9,3.3 Velocity dependence of collision cross section 

If the ncszle temperature be increased from 150 C to 750JC the beam atoms 

effuse out of the slit with an energy distribution determined by the temperature 

of the nozzle and the mean velocity may be varied within the range 200 to 400 m/sec. 

Since in general the collision cross section decreases as the energy of the incident 

particles increacfts the total number of particles reaching the detector increases 

with beam teaperature.  Fig, 9,11 shows the variation of beam intensity at the detector 

detector as a function of beam teaapenature.  In this experiment air at a nreasure 

of 5 x 10" torr was the scattering gas and a niobium detector (0.010 in, diameter) 

* is used.  From this curve it is possible to deduce the velocity dependence of the 

cross section according to the argument which follows. 

The attenuation (l/l ) of a well defined molecular beam in passing through 

a scattering path (l) is related to the effective mean free path of the average 

beam molecule (velocity V) in a Maxwellian gas by 

t 

1=1 exp o - r ...., (9.6) 

and             x = lb •••*• ^9*7^ 

where a  is the total effective cross section. 

Put             e = k, V"x ,.... (9.8) 

where x denotes the velocity dependence of cross-section.      Assuming attractive 

potentials 

X = k2 V^   (9.9) 

so that I = Io exp    -fc^xj   (9.10) 
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and   log — = - k vx   or - 
K2 

_1_ 
i T* ..... (9.11) 

"si 

If tha Talue of x ia unkBown then a plot of log (log l) "- log V will give a 

straight line with a slope x.  The value of log I is constant and ao may be 

disregarded.  Hence the velocity dependence of cross-section may be directly 

determined from experiment, if the scattering process is entirely influenced by 

the long range Van der Waal attractive potentials  When the results of Pig. 9.11 

were plotted in the above manner (Fig, 9.12) they showed an inverse 0,37 poser 

velocity dependence.  This is consistent with the V"3 dependence deduced from 

the attractive potential term in the Lennard-Jonos model. 

Subsequent measurement" in helium have not shown such a strong velocity 

dependence in this temperature range.  However, these are preliminary results and 

further experiments are being undertaken to clarify this problem, 
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GENERAL   VIEW OF    ATOMIC     BEAM      APPARATUS 

FIG 9 



ARRANGEMENT OF BEAM OVEN AND SUPERHEATER 

FIG 9-2 
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CHAFTKR 10 

MICROWAVE  mnjISS OF THSRMALLY-EXCrrSD PLASEAS 

by 

J, A, Haines 

10.1 THERMAL IONIZATION EXPERIMEIfr 

The object of the thertoal ioni«ation experiment is to produce helium-cesiucs 

mixtures in a heated tantalum tube at temperatures in the ran^e 2500 to 2000 K 

and to measure by microwave transmiasior. the resulting electron concentration (and 

hence degree of ionization) and electron collision frequency.  The experiment is 

also regarded as a laboratory facility on which to test the microwave diagnostic 

technique which will eventually be used for measurements on the MPD closed-loop. 

In the previous Technical Summary Report (IRD 64-30 an experiment was 

described in which the cesium-helium mixture was heated in a tantalum tube to 

2000 K and the shift in phase of microwaves propagated through the tube was measured 

as a function of temperature in the range IjjOO0 to 2000 K.  From those measurements 

the average electron concentration was deduced using the relationship 

".-S«^)  (10-1) 
where u is the radian frequency of the microwaves, A^ is the phase shift in radians, 

m the mass of an electron, e the electronic charge and c the velocity of light. 

The maximum electron concentration detected was approximately 5 x '0 0/cm3:  this 

level of ionisation is a factor of 100 less than the value calculated from the 

Saha Equation on the assumption that the gas pressure in the tantalum tube is 

determined by the vapour density in the cesium bath.  However, in this experiment 

the apparatus was first filled with helium and the cesium bath was then heated to 

raise the cesium vapour pressure.  In practice, diffusion of cesium through the 

helium and through the connection between bath and chamber is so slow that the time 

for the cesium pressure to become constant throughout the apparatus is very large; 

this condition may not have been fulfilled in the experiment.  In the next 

experiments the cesium vapour pressure will be established before helium is 

introduced. 

On opening up the apparatus after the cesium-helium experiment, it was found 

that the walls of the container were coated with an oily black substance and it 

was not again possible to obtain a good vacuum even on baking to 400 C, until the 

10.1 



MODIFIED   ASSEMBLY TO SUPPORT   THE TANTALUM   TUBE 

FIG101 



apparatus had been stripped coapletely and scrubbed with water and detergent. 

It is believed that this black coati'- \« cesium hydroxide formed when the cesium 

coaling on the walls is exposed to moist air. 

A more serious consequence of this experiment was that the 0,25 in. diameter 

tantalum tube (0,010 in. wall thickness) fractured on cooling.  The apparatus had 

bean tested using a more robust 1.25 in. diameter tantalum tube which permitted two 

modes of microwave propagation.  To obtain interpretable results in which only 

one mode was dominant it was necessary to use a tube of less than 0.25 in. diameter. 

At high teaperatur« this smaller tube was strained through inadequate Provision for 

differential expansion forces.  Originally the tube conductor was supported rigidly on 

on tantalum supports attached to a copper conductor rod, with the differential 

expansion between the tube and rod supposedly taken by a bellows Joint at the end 

of the rod.  In practicfe, the tantalum tube (embrittled by temperature cycling and 
o \ 

very weak at 2000 Kj was incapable of supporting the stress developed across the 

bellows and fractured in consequence. 

10-2 HEW DKSIGN 0? SQUIPMENT 

To eliminate these troubles the apparatus has been completely redesigned. 

The bellows have been removed and flexible copper leads carry the heating current 

to one end of the tantalum tube, the opposite and being clamped to the end flange. 

Fig. 10,1 shows the modified structure.  At the free end of the tantalum tube two 

stainless steel pegs have been fixed to the tantalum blocks with insulating ceramic 

sleeves fitted as shown.  These sleeves rest on stainless steel support rods so 

that they can move laterally to take up the differential expansion between the 

supporting structure and the tantalum tube. 

The assembly was tested by placing it in a glove box and heating it to 1800 K 

in an atmosphere of helium to simulate the experimental working conditions.  The 

tube expanded laterally without any twisting or bowing and the complete apparatus 

is again being assembled in preparation for further thermal ionization experiments. 

There was some difficulty in obtaining a replacement tantalum tube of leea 

than 0,25 in. internal diameter and with 0.020 in. wall thickness.  For a 9 in. 

tube Accles and Pollock quoted 15 weeks delivery time and a cost of £150.  The 

Tungsten Manufacturing Company produced two seam-welded tubes fabricated from 0,020 in, 

sheet tantalum but these did not have a circular section,  Murex Ltd finally 

produced a suitable tuba by drilling out the bore as specified and then machining 

away the walls to 0,020 in. diameter (Fig. 10.2).  This particular tube has had 

the ends threaded so that it can be screwed into the end blocks.  In this new 

design the microwave horns will be welded directly to the tantalum blocks. 

UPPB 
WELDI 
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UPPER   SEAM WELDED BY ELECTRON BEA^ AT   IRD.MDOLE  SEAM 
WELDED   BY  TUNGSTEN  MANUFACTURING CO.   LOWER   DRILLED 
FROM   SOLID   ROD   GROUND  TO CORRECT W<vLL THICKNESS 
AND   THREADED   BY MUREX LTH 

TANTALUM   TUBES OF 0020in. WALL THICKNESS AND O 23in.BORE 

FIG1C12 



BLANK PAGE 

A1 

A2 

by: 



APPENDIX 

HSAT TRANSFER A.NT ^SSSmg LOSS CALCULATIONS FOR He-He RECUPSRATIVS KSAT-SXCHANGKR 

by 

T. Archbold 

Ä1   DESIGN DATA 

Shell side He inlet tenAperature 16900K 

He outlet  temperature 550OK 

He oass flow 5.75 gV'sec 

He average  pressure 1   atm 

Tube side He inlet temperature 2980K 

He outlst temperature 1if380K 

He mass flow 5.75 gin/«ec 

GE0MKT1Y A2 

The heat exchanger is of the cross-counterflow multi-start helical coil type. 

The shell side fluid flow through an annular space containing the coiled tube 

bundle.  Pig, 1.1 shows the bundle details (excluding bundle length).  The coiJ 

diameters and number of rtarts per coil have been chosen to give equal lengths for 

every tube, and the same helix angle. 

A3   HSAT TRANSFER 

13.1 Shell side 

The angle of the coiled tubes to the overall direction of gas flow ia given 

by: 
»D 

tan ö = -~ 
nP 

x 

where the symbols are explained in the Nomenclature at the end of the Appendix, 

The ceil diameter D is defined as 
n 

n     t 
».2nP 

so that tan 9 « -  g        (P^ » P ) 
n P t   x 

x 

= 2w 

= 6.28 
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Hence  Ö = 810 

Thus  it  is  Justifiable to consider the shell  side  flow as normal  cross-flow.       It 

is also reasonable to  tr»?at the coiled bundle as  if it were a bank of straight tubes, 

the currature being perpendicular  to the line  of flow. 

Because adjacent tube layers are wound in opposite sers^s,  all forms  of 

in-line tubs arrays with P    = P.   exis.  in the bundle.      The probable effect of this 
n        t 

will be to generate heat transfer rates greater than that for a square in-line 

array, however,  the bmndle will be  designed using th.   available data for an 

equivalent square  in-line array (Fig.  A.2). 

Minimum flow area « v.      v i  v.    c    ^ui » -,-, — .— ,—         A        ^3 been expressed by Smith   as follows: 

i        « JL    (D 2-D *) 
min     kt    x o      i  ' 2^     + 1   +T-   ln(2t +J2t +    1   -d) 

where t « F    and P =■ P t x 

D    = 11.1   in.  = 28.2 can o 

Di = 4.26 in.  = 10.82 cm 

d    = 0,682 in.= 1,73 cm 

t    = p s 2.16 oro 

Hence 

Bquivai ent diameter D    is defined as 

_     _ 4 (min. flow area) N.PX 

e      , , 
^Heat transferring area; 

4 x 127.4 x 2.16 N 
1330 * H 

=  0,828 cm 

5 D 
Ee, = T—S    (T = 8470C) 8      W 

&.73 x 0»828 x 10; 

127.4 x 0.0483 

= 77*3 
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Using the data of Pig. A.2 it is clear that the known Re range must be 

considerably extrapolated to reach the necessary values of Re.  As explained in 

Kays and London2 these data were obtained using a transient technique that ia 

reliable only in the turbulent region.  This means that the transient range, 

indicated by a broken -jurve, is not accurate.  Consequently, the chain dotted 

extrapolated curve can only serve as an indication of the heat transfer data. 

Nevertheless, it is considered that a pessimistic value will be so obtained, 

probably resulting in an overdeaigned tube bundle. 

The poor quality of this data excludes the postibility of calculating the 

tube bundle as a sequence of short sections with different temperatures. 

Prom Fig. A,2, when Re = 77»3 

St. Pr ^3 = 0.031 

at T = 8470C, Pr = 0.74 

.*. St * 0.0385 

bA , 

•  h _ 0.0385 x 5.75 * 1.242 
' * h8       127.4 

*  2.16 x 10"3 cal/sec on2 0C 

A3.2 Tube aide 

The tube bundle contains 18 tubes, so that each carries a helium flow of 

-^ = 0.319 «nv^sec 

This will be at an approximate pressure of 1 atm and have a maximum temperature 

of 11650C. 

PorHe,pii65%=i^~^J^2i gn/om' 

So the maximum velocity in the pipes wiU be 

v 0.319 x 4 x 1438         / 
Vx= 1.785 x lO-1  x   tx {1.26}5  x273    Ca/8eC 

« 75.3 H/aec 

The velocity oi'' sound in He at 1  atm and 1438 K is 

A.3 



I jrp Henc« 
C =   l • — 

r « 1.63 

1.78^ x icr4 x 273   _/   a 

1       n«63 x 14*7 x 105 x 104  x 1438      / 
100   \! 1,45 x 1.785 x 273 

C  a 2.2 x 103  a/sec 

Thus Mach No.  in tubes = M =   -  T^^frr    =  0.0342  it  is therefore possible 
max  2.2 x 10J r 

neglect the effect of M. 

Reynolds No. for a circular pipe is 

S 
Re « 

where G    = 0,3''9 gnv'aec 

D    = 1.26 cm 

w    = 0,042 x  10"2   poise 

*   *      "      ff x 1.26 x  0.042 

Re = 768 

Thus the heliua flow lies well within the laminar region. 

For the laadnar flow of fluids in straight smooth pipes, Hausen3 recommends 

the relation 

Pe D 

For laminar flow iii coiled pipes, no data ai'e known.  It is therefore 

proposed to use the Hausen form, modified by the Jeschke factor to include in some 

degree, the effect of the tube coiling.  It should be noted that the Jeschke 

factor has been demonstrated only for the turbulönt region, 

where Then     Ni^ = Nu 1 + 3.5 §- 
H 

mm Q 

Previous calculations indicate that L has a value of about 11 feet, and T —994 K w 
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Hence 

Pe - Re.Pr. 

** = 
0.76   (Tt -- 5930C) 

Ret = 768 

Re - 768 x 0.76 = 583 

D  = 1«26 cm 

L  - 11 ft, = 335 cm 

^fl S 
0.042 x lO'2 poise,  Tfl = 593

0C 

V-    - 0.0443 x 10"
2 poise, T = 7210C 

H 

Nu 

= 20.8 cm 

,        0.0668 . 385 x 1.26/335   IfO^O^l   0" 

1   . 0.045 {-^fr^} 

3.65 + 0.136 1.0067 

Ku   = 3.76 

Nu™. = 3.76 1   +      20.8 4.58 

Nu    = h De/K 

K 4.58 A 6.85 * 10"4 

^    - T.26 

L    = 2.49 * 10"3  cal/sec cm2   0C 

A3,3   He&t  tranafer coefficient 

The overall heat transfer coefficient ü is  given by 

1       1_        1_        t_ 

Ü'h      +ht        ^ 
s t 

where t is the tube wall thickness, and £ is the thermal conductivity of Niaonio 75. 

h =2.l6x10"'3 caV'sec cm2 C 
8 

ht = 2.49 * 10'3  caV'sec cm2    C 

t    = 0,234 cm 
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Also, 

K    = 0.0622  oal/sec    CIE
0

C w 

i 1  L_  0.234 
Ü     ' 2,16 x  1C*T + 2A9 x  10-T +  0.0622 

= 463  + 402  + 3.7b 

jr   = 869 aec cm2    C/cal 

1 S. T 
Ü    ~    Q 

S    = total heat transfer area 

= 18 x ir x 1.49 L cm2 

T    = 252 C  (constarrt in recuperator) 

Q    = Heat exchanger power 

= 5.75 x 1.242 x 1140 cal/sec 

18 x g H 1.49L x 252      R.Q 

*  ' 5.75 x 1.242 x 1140 = 0^ 

La 333 cm 

L    = 10.9 ft 

Considering the inner coil, the length of each pipe is 

L    = m (»D  )2  + nV 
\!      n r 

D    = 12.96 cm n 

n   = 3 

p = 2.16 cm 

ui = no.  of turns per pipe in layer 

ffi = 33^J(»~^ 12.96)2  + 9 x 2.162" 

m = 8.05 

.*.    Core bundle length y = m.u.p 

a 8.05 x 3 x 1,16 cm 

y = 52  can 

Considering the highly inaccurate data used in this calculation, it is recommended 

that the coil bundle should be built at least 25$ longer. 
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Thus the coil will be at least 65 cm long. 

A4   PRESSURE LOSSES 

M..1 Shell aide 

From Kays and London2, the total shell side pressure losses, including the 

inlet, outlet and case friction effects are: 

J 

APs = 2T     p min   i 
1   +  (Jp / 

_IU 
ex. 
Pz -1 e    p    ^ 

C = 5.75 gß/sec 

Amin = n7'k C^,2 

Pi   = 1.785 x Kr4  x |fe = 2.88 x IQ"5  gn/cm5 

Afr = 533 cm2 

P2  = 1.785 x ICT4  K |2i a s#83 x IGT5  gVom2 

f - 0.045  (see Fig. A.2) 

y = 65 cm 

D    = 0.828 cm a 

p ^ 5.85 x IQ"5 gn/cm2 

1©. All densities 6u*e calculated for 1 atm 

AP =220 dyne a/cm2 

8 

.*. AP = 0.0032 psi 
s 

A^,2 Tube side 

Pressure loss in a tube with inlet fluid temperature ^ K and outlet TaK, with 

uniform heat flux is given by 

"-f (f)'|V * ^ ] 't At 

For streamline flow, in curved pipes, the normal friction factor derived 

for straight pipes must be increased by a factor developed by Drew (in MoAdems4 ). 

The average of this factor, weighted according to the number of pipes per 

layer = 1.84 

A.? 



f = 1.84 *  16/Re 

Rot 
B 768 

f s 0.0383 

& a 0.519 p/8«c 

't 
B 1,78.5 x iO"4 2 

x5 

At 
II 1.245 om2 

.*. f = 1.84 x 16/768 

= 5.62 x 10"5  gn/om3 

L    = 333 cm 

Tj  = 14380K^ 
T = 8660K 

T1   = 2980K   J 

.',      AP = 2.52 x 104  dynea/cm2 

APt= 0.365 psi 

A5        PHYSICAL PROPERTrSS OF Jie 

Cp = 1.242  cal/«m0C 

r    ^1.63 

p    B 1.785 x 10"*4  gn/om2  (2730K and 1 Atmos) 

V    - McAdams4   (pp 468-469 Table A-19 and Fig. A-6) 

K   - Eckert5  (up to 6750C). 

1 SMITH, E.M.      The geometry of helical tube mult-.-star-t coil heat exchangers. 

(Published later at Leopoldshdfen 29\      January 1962 

2 KAYS, W.M. and LONDON, A.L.      Compact hsat exchangers, Fig. 54, p94.      1958 

3 HAUSEN, H.      Wärmeübertragung im G-egenatroa, Gleichstrom und Kreuzatrom. 

Springer-Verlag 

4 MoADAMS, W.H.      Heat transmiaaion, 3rd Edition, Fig. 6-6,  p151.    Mc&raw- 

Hill 1954 

5 ECK^T, B.R.G.      Introduction to the transfer of heat and mass:    with an 

appendix on property values by Robert M. Drake, 1950 
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NQMSNCUTURB (APPENDIX) 

min 

fr 
C 

Cp 

D 
e 

DH 
DN 

d 

f 

If 

h 

K 

L 

£C 

M 

n 

Nu 

P 

FT 

Pe 

Q 

He 

St 

S 

T 

t 

Ü 

7 

y 

Suffixes 

S 

t 

miniauB flow area 

ahell aide frictlonal area 

velocity of sound 

spec heat at constant press 

equivalent diameter 

helix diaiaeter 

diameter of n  layer 

ahell outer diameter (inside) 

shell inner diameter 

tube outside diameter 

farming friction factor 

mass flow 

heat transfer coefficient 

thermal conductivity 

tube length 

no. of pipes in layer 

Mach number 

no. of layers 

Nusselt numbers 

transverse pitching of tubes 

axial pitching of tubes 

pressure 

Prandtl number 

Peclet number 

heat exchanger power 

Reynolds number 

Stanton number 

total heat transfer are« 

temperature 

tube wall thickness 

overall heat transfer coefficient 

velocity 

bundle length 

shell side 

tube side 

wall 

mean value 

Sreek symbols 

r ratio of specific heats 

AP pressure differences 

AT temperature differences 

p density 

6 angle of tube to gas flow direction 

^ viscosity 

u viscosity at wall temperature 

lif-, viscosity at mean bulk temp, of fluid 
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TUBE    BUNDLE    GEOMETRY 

FIG  Al 



HEAT   TRANSFER    AND    FRICTION     FACTOR     DATA 

FIG A-2 
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